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Intense whaling nearly abolished the North Atlantic right whale (Eubalaena
glacialis) population. Present day threats to the species are collisions with ves-
sels, entanglement in fishing gear, and environmental variability. In this body
of work we quantify the relationship between right whales and their prey, rice-
grain sized crustaceans called copepods, and employ a spatial model to predict
the potential distribution of right whales on a weekly basis.
Time series datasets of right whale abundance and copepod concentration
were analyzed to quantify the relationship between right whales and their prey.
We found significant relationships between right whales and copepods in Cape
Cod Bay and the Great South Channel. These results tell us that accurate
regional-scale models of copepod concentration can be used to infer the time
and location of good right whale feeding conditions.
The environmental niche of right whales was characterized using mod-
eled prey abundance, sea surface temperature, chlorophyll concentration and
bathymetry. With environmental data for the time and location of each right
whale occurrence between 2002 and 2006, we trained and tested a model to
predict right whale habitat suitability on a weekly basis. The accuracy of pre-
dictions was good, and the feasibility of our approach was verified. Results
suggest that right whale habitat preferences are dynamic and that the distribu-
tion of prey is an important to the distribution of whales.
We built an operational forecasting model of right whale habitat suitabil-
ity in Cape Cod Bay, and used it to make weekly predictions for the year 2009.
Modeled concentration of two right whale prey taxa (C. finmarchicus and Pseudo-
calanus spp.) sea surface temperature, chlorophyll and bathymetry were used as
predictor variables. Predictions were verified with occurrences of right whales
in Cape Cod Bay from 2009. Model output was used to assess the utility of mov-
ing shipping routes in Cape Cod Bay. The model was then projected, beyond the
model-training region, into Massachusetts Bay. Results suggested that altering
of shipping lanes in Cape Cod Bay is unlikely to reduce the risk of ship-strikes.
A significant positive relationship was found between predicted habitat suit-
ability and the number of acoustic detections of right whales in Massachusetts
Bay. We conclude that our modeling approach could be used to: 1) issue weekly
forecasts of right whale habitat quality, 2) assess conservation actions, 3) guide
survey effort in other regions, and ultimately to reduce human-caused risk to
the right whales.
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North Atlantic right whales (Eubalaena glacialis) take their name from being the
right whale to hunt. A millennium ago, their range spanned the width of At-
lantic ocean – from the southeastern coast of the United States to the Gulf of
Saint Lawrence in the west, and from the northwest coast of Africa to north-
ern most coast of Norway in the east. By the mid-1700s the North Atlantic
right whale population was severely depleted, and by the mid-1800s there were
so few animals left that they were no longer the target of whaling expeditions
(Reeves et al., 2007). Today, the primary range of North Atlantic right whales is
restricted to the coastal waters of the United States and Canada, from northern
Florida to the Bay of Fundy. Approximately 400 individual whales remain.
There are four main hypotheses for the lack of recovery of North Atlantic
right whales: 1) collisions with vessels (Knowlton and Kraus, 2001), 2) entan-
glements with fishing gear (Knowlton and Kraus, 2001), 3) increased levels of
anthropogenic ocean noise which may hamper communication and reproduc-
tion (Parks and Clark, 2007; Clark et al., 2007), and 4) changes in the distribution
and abundance of copepods, the rice-grain sized organisms that right whales
rely upon for sustenance (Kenney et al., 2001; Greene and Pershing, 2004).
The Endangered Species Act (ESA) gave the National Marine Fisheries Ser-
vice the authority to develop and implement recovery plans for endangered
marine species. The recovery strategy outlined in the most recent North At-
lantic right whale recovery plan (NMFS, 2005) identifies the need to “reduce
or eliminate deaths and injuries from anthropogenic activities, namely ship-
ping and commercial fishing” as the most significant need for recovery of the
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species. Since the ESA was enacted in 1973 many protective measures have
been taken, although most did not begin until the 1990s. In 1993, the Cape Cod
Bay, Great South Channel, and Southeast U.S. right whale critical habitats were
established. In 1996, vessels were prohibited from approaching within 500 yards
of a right whale in U.S. waters. In 1999, the Mandatory Ship Reporting system
was implemented, requiring vessels in right whale habitat to report their po-
sition in exchange for information on recent right whale sightings and how to
avoid the animals. In 2002, fishing activities were restricted in Seasonal Area
Management (SAM) zones, with boundaries defined by areas with “annual pre-
dictable presence of right whales”, and in Dynamic Area Management (DAM)
zones, with boundaries defined by current aggregations of right whales. SAMs
provided a basic level of protection, but zone boundaries did not vary from year
to year. DAMs, which imposed gear modifications (a burden to fishermen), al-
lowed a rapid response to aggregations of right whales that deviate from the
typical distribution defined by SAMs. Restrictions on fishing and shipping ac-
tivities come at a high economic cost, so there is a desire to implement restric-
tions within the smallest possible spatial and temporal boundaries. Inadequate
knowledge about right whale distributions has led to the implementation of re-
striction over large spatial and temporal boundaries.
None of the enacted measures to date rely on right whale distributional pat-
terns that are dynamic at the spatial and temporal scales at which right whales
function. Furthermore, current protective measures do not rely on a mechanis-
tic understanding of why whales aggregate in some areas and not others. A
better understanding of the reasons for right whale occurrence could be used to
inform conservation actions, especially as ocean conditions and whale popula-
tions change in the coming century
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The body of work presented here addresses this deficit in two ways. First, by
quantifying the relationship between right whales and their prey. And second,
by generating dynamic forecasts of right whale habitat that will take us beyond
the relatively static management rules implemented to date. This latter piece
was accomplished using a combination of models that exploit the relationship
between right whales and their prey.
The impetus for this work was that a better understanding of the drivers of
the distribution of right whales, combined with predictive models, could help
inform conservation actions. Furthermore, any management plan will be more
effective if the temporal and spatial scale of conservation actions is on par with
the temporal and spatial scale of events being managed for (e.g., aggregations
of right whales in shipping lanes).
We found that mean copepod concentrations in Cape Cod Bay and Great
South Channel right whale critical habitats are informative when analyzed at
the temporal scale of one to three months – roughly the scale at which the Sea-
sonal Area Management plan was designed to have an effect. We found that
modeling of right whale habitat on a weekly time scale is feasible, and we ap-
plied a right whale habitat model to make weekly predictions about the condi-
tions in Cape Cod Bay during the year 2009. To assess the ability of the model
to guide survey effort beyond the model-training region, we projected the Cape
Cod Bay model into Massachusetts Bay and verified results with acoustic de-
tections in that region. To assess the ability of the model to inform a current
management issue, we used the predictions to assess the utility of moving ship-
ping routes in Cape Cod Bay for the purpose of reducing vessel transit through
high quality right whale habitat. The timing of vessel transit in Cape Cod Bay
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was found to be more important than the path of transit.
Right whale movements in Gulf of Maine feeding grounds are tied to the ap-
pearance of dense aggregations of copepods (Kenney et al., 1986; Wishner et al.,
1995). Chapter two (Pendleton et al., 2009) explores the hypothesis that the dis-
tribution of right whales is driven by the distribution of copepods and it assess
the utility of coarse-scale sampling programs for right whale management. We
compared the concentration of copepods, the primary prey of right whales, from
vessel-based zooplankton surveys with the abundance of right whales derived
from aerial surveys. We found significant relationships between the concentra-
tion of copepods and right whale abundance in critical habitats at monthly and
seasonal timescales. In the Cape Cod Bay critical habitat right whales appeared
to respond strongly to Pseudocalanus spp. and Centropages spp., and in the Great
South Channel critical habitat right whales appeared to respond strongly to
Calanus finmarchicus. These results suggest that 1) a high background concentra-
tion of copepods is a prerequisite for the formation of the ultra-dense patches of
copepods necessary to trigger right whale feeding activity, 2) the distribution of
right whales is strongly influenced by the distribution of their prey, 3) the envi-
ronmental preferences of right whales changes from one season and/or habitat
to the next, and 4) regional-scale predictions of copepod abundance can provide
useful information on when and where good feeding conditions will occur.
The key result from chapter two is that the background copepod concen-
trations are an important indicator of the number of right whales. Pershing
et al. (2009b) and Pershing et al. (2009a) described a model capable of estimating
background concentrations of copepods and identified simple relationships be-
tween modeled copepod concentration and the number of right whales in the
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Great South Channel. The objective of chapter three was to generate estimates
of right whale habitat suitability with a spatial resolution sufficient to be of use
to resource managers. Toward this end, we tested a system to model right whale
habitat suitability on a weekly time scale. Two hypotheses were tested: H1) that
prey is an important predictor of right whale habitat suitability, and H2) that
right whale preferences are dynamic. Significant improvements in model pre-
dictive capacity were found when prey was included as a predictor variable in
models of the spring season, but not of the winter season. With respect to H2, we
observed a increased importance of prey and decreased importance of sea sur-
face temperature the year progressed from winter to spring. This suggests that
environmental habitat preferences of right whales change on a seasonal basis.
Building on chapter three, we developed a high resolution right whale habi-
tat model for Cape Cod Bay, and used this model to forecast right whale move-
ments during winter and spring 2009. The results presented in chapter four
suggest that the model predictions are reliable, that the model could be used to
forecast habitat suitability in other regions, and that it could be used to support
conservation actions. We examined the impact of moving shipping lanes to re-
duce potential whale-vessel encounters. The time of vessel transit appeared to
have a greater impact than the location of vessel transit. Projecting the model
into Massachusetts Bay, we were able to explain the variability in the number
of right whale acoustic detections. This work provides proof-of-concept that
a system could be implemented to forecast right whale habitat suitability, and
that forecasts or nowcasts could be used to issue alerts during times when the
environment is suitable for right whale aggregation.
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The approach outlined in this dissertation: generating realtime and fore-
casted predictions of habitat, based upon realtime and forecasted estimates of
prey abundance and other environmental data, has the potential to transform
the way we manage endangered species - moving from a static view of the
species’ distribution to one that changes on intra- and inter-annual timescales.
One way to improve the forecasts from chapter four would be to include right
whale occurrences from the year of prediction in the training dataset. This
would help to sensitize the model to the peculiarities of right whale environ-
mental preference in the year being predicted. Deeper ecological questions
could be addressed by training models with demographic subsets of species
occurrence data. There is potential to apply these approaches in other regions
and for other target species. Finally, by manipulating the modeled environment,
one could study the effects of climate change on endangered species.
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CHAPTER 2
REGIONAL-MEAN COPEPOD CONCENTRATION INDICATES
RELATIVE ABUNDANCE OF NORTH ATLANTIC RIGHT WHALES
2.1 Abstract
Management plans to reduce human-caused deaths of North Atlantic right
whales (Eubalaena glacialis) depend, in part, on knowing when and where right
whales are likely to be found. Local environmental conditions that influence
movements of feeding right whales, such as ultra- dense copepod patches, are
unpredictable and ephemeral. We examined the utility of using the regional-
scale mean copepod concentration as an indicator of the abundance of right
whales in 2 critical habitats off the northeastern coast of the United States: Cape
Cod Bay and Great South Channel. Right whales are usually found in Cape
Cod Bay during the late winter and early spring, and in the Great South Chan-
nel during the late spring and early summer. We found a significant positive
relationship between mean concentration of the copepod Calanus finmarchicus
in the western Gulf of Maine and the frequency of right whale sightings in the
Great South Channel. In Cape Cod Bay we found a significant positive relation-
ship between the mean concentration of other copepods (largely Pseudocalanus
spp. and Centropages spp.) and the frequency of right whale sightings. This
information could be used to further our understanding of the environmental
factors that drive seasonal movement and aggregation of right whales in the
Gulf of Maine, and it offers a tool to resource managers and modelers who seek




North Atlantic right whales Eubalaena glacialis migrate seasonally through the
coastal shelf waters along the eastern coast of the USA and Canada, from south-
eastern Florida to the Bay of Fundy and Scotian Shelf (Winn et al., 1986). They
are one of the most endangered cetacean populations (Clapham et al., 1999) and
have been protected under the US Endangered Species Act since 1973. Colli-
sions with ships and entanglement in fishing gear are the 2 primary causes of in-
jury and mortality of right whales attributable to human activity. The develop-
ment, implementation and effectiveness of management strategies to eliminate
anthropogenic mortality depend on knowing when and where right whales are
likely to occur. Therefore, knowing how environmental factors influence move-
ments of right whales would inform decision making.
Changes in temperature, salinity, circulation and plankton abundance in the
Northwest Atlantic have been linked to large-scale changes in the ocean and
atmosphere (Durbin et al., 2000; Greene and Pershing, 2000; MERCINA, 2001;
Pershing et al., 2005). The variability in abundance of the primary prey of right
whales, the copepod Calanus finmarchicus, in the Gulf of Maine explains a large
proportion of the variability in the number of right whale births (Greene and
Pershing, 2004). On a finer scale, changes in circulation influence where whales
feed (Kenney et al., 1995). Given this, a better understanding of physical and
biological oceanographic processes can aid conservation.
Direct observations of right whales feeding on dense aggregations of Calanus
finmarchicus have been documented in several studies (Watkins and Schevill,
1976; Wishner et al., 1988; Mayo and Marx, 1990; Beardsley et al., 1996), and
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indirect evidence of right whales feeding at depth on this copepod has been in-
ferred from simultaneous surface observations, water-column sampling (Muri-
son and Gaskin, 1989) and dive records (Baumgartner and Mate, 2003). The
diet of right whales, however, is not monospecific; it includes mesozooplank-
ton such as Pseudocalanus spp., Centropages spp., larval barnacles and possibly
euphausiids (Watkins and Schevill, 1976; Murison and Gaskin, 1989; Mayo and
Marx, 1990).
A leading hypothesis to explain right whale movement posits that whales
forage nomadically, moving through the Gulf of Maine and adjoining areas in
response to changes in the zooplankton prey resource (Gaskin, 1982; Kenney
et al., 2001). Standard zooplankton sampling programs do a good job of mea-
suring copepod concentrations at the regional-scale (10 to 100s of kilometers),
but they do not adequately resolve the ultra-dense concentrations of copepods,
at the scale of 1 to 10s of meters, that right whales feed upon (Kenney et al.,
1986b). Baumgartner et al. (2007) suggested that the regional-scale copepod con-
centration is not proportional to right whale abundance. In the present study we
tested the hypothesis that regional-scale mean copepod concentration is an indi-
cator of the number of right whales in a region and, by implication, the number
and quality of ultra-dense copepod patches that right whales are known to con-
sume. Our hypothesis stems from a simple conceptual model: if no copepods
are present in a region, no copepod patches will form. If many copepods are
present in a region, many patches will form.
Herein we report on a comparison of datasets representing the densities of
copepods and sighting frequencies of right whales in 2 US right whale critical
habitats: Cape Cod Bay, a shallow coastal bay that is protected by land on 3
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sides, and the Great South Channel, a region at the southern end of the Gulf of
Maine between Cape Cod and Georges Bank (Figure 2.1). Knowing the degree
of association between the regional-scale mean copepod concentration and right
whale abundance could offer managers a tool for assessing the likelihood of
right whale occurrence. This information could also guide inferences drawn
from model simulations of regional-scale copepod concentration (e.g. Lynch
et al. (1998)).
2.3 Materials and Methods
We focused on 2 right whale critical habitats: Cape Cod Bay and the Great South
Channel. In each habitat area we compared the mean copepod concentration
with an effort-corrected index of right whale abundance, sightings per unit ef-
fort (SPUE). Copepod measurements came from 3 sources: the Gulf of Maine
continuous plankton recorder (CPR), vessel-based net sampling in Cape Cod
Bay by the Provincetown Center for Coastal Studies (PCCS), and vessel-based
net sampling in the Great South Channel by the National Marine Fisheries Ser-
vices (NMFS) Marine Resources Monitoring, Assessment and Prediction pro-
gram (MARMAP). Right whale SPUE values were computed from survey data
in the North Atlantic Right Whale Consortium (NARWC) database.
2.3.1 Copepod sampling
The CPR is an instrument that is towed behind ships of opportunity at a depth of
about 10 m (Warner and Hays, 1994). Organisms are captured on a continuous
12
silk mesh as seawater passes through the instrument body. The Gulf of Maine
CPR survey collects samples along a transect from Boston, Massachusetts to
Yarmouth, Nova Scotia (Jossi and Goulet, 1993). We analyzed copepod samples
from 2 segments or tracts of the CPR transect, upstream of our study regions
(Figure 2.1). Calanus finmarchicus progress through 13 stages: egg, 6 naupliar
stages and 5 copepodid stages (C1 – C5) before reaching adulthood (C6). Stage
C5 – C6 C. finmarchicus and other copepods (C6 Pseudocalanus spp. and Cen-
tropages typicus) from the CPR tract in Massachusetts Bay and the western Gulf
of Maine were used in our analysis of Cape Cod Bay and the Great South Chan-
nel, respectively. Because the CPR is towed without respect to time of day at
a constant depth, diel vertical migration could bias estimates of C. finmarchicus
concentration. To test for this we performed an unpaired t-test on log10(x + 1) -
transformed, day versus night, data (Kane, 2005). No significant difference was
found (p = 0.34) indicating that diel vertical migration would not adversely
impact our results.
Copepod samples were collected by the Provincetown Center for Coastal
Studies (PCCS) within Cape Cod Bay approximately weekly from late Decem-
ber to late May from 1999 to 2006. On each cruise 8 to 10 fixed stations were sam-
pled; however, weather conditions sometimes reduced the number of stations
visited. All sampling took place during daylight hours. Occasionally, sampling
cruises were conducted at other times of the year. Typically, at each station a
30 cm diameter, 333 µm mesh net was towed at a depth of about 1 m and at a
speed of 1.5 m s1 for 5 min, following the methods of Mayo et al. (2004). The
333 µm mesh size was chosen to mimic the particle capture properties of right
whale baleen (Mayo et al., 2001). From this dataset we defined 2 quantities:
(1) the concentration of Calanus finmarchicus, and (2) the concentration of other
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copepods. Strictly, this second quantity represents the mean concentration of
all organisms captured that were not C. finmarchicus, but it is primarily com-
prised of Pseudocalanus spp. and Centropages spp. (Mayo et al., 2004). Beginning
in 2003, surface tows were augmented with oblique tows. To test for potential
bias introduced by surface-only sampling, we compared mean concentrations
from surface and oblique tows within 28 d intervals (as was done for our in-
terannual analysis, see below) from 2003 to 2006. There was a significant linear
relationship between C. finmarchicus measured by oblique versus surface tows
(r2 = 0.88, p < 0.001), and between other copepods measured by oblique versus
surface tows (r2 = 0.59, p < 0.001). These statistics indicated that the vertical
distribution of copepods would not impact our results. We elected to use the
surface rather than the oblique tow dataset because it spanned 8 yr (1999–2006)
rather than 4 yr.
During the MARMAP program (Sibunka and Silverman, 1984, 1989; Meise
and OReilly, 1996) zooplankton were collected in the Gulf of Maine by dou-
ble oblique tows with a 333 µm mesh net attached to a bongo sampler (Posgay
and Marak, 1980). Tows were made from the surface to 5 m above the bottom
and back to the surface, but did not exceed a depth of 200 m. For the pur-
poses of the present study, we defined Great South Channel to include the Great
South Channel right whale critical habitat expanded uniformly by 30%. The ver-
tices of this polygon are 40◦50.8′N, 69◦07.2′W; 41◦44.5′N, 69◦51.8′W; 42◦19.0′N,
68◦26.9′W; 41◦37.4′N, 68◦03.5′W (Figure 2.1). We extracted archived MARMAP
C5-6 Calanus finmarchicus data collected within the Great South Channel for use
in the present study.
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Figure 2.1: The Gulf of Maine, the northeastern coast of the USA and the south-
eastern coast of Canada. Bathymetric contours at 0, 80, 200 and 1000 m are
depicted with shading. Cape Cod Bay (CCB) right whale critical habitat and
the Great South Channel (GSC) right whale critical habitat expanded by 30%
are outlined, as are the Massachusetts Bay (MB) and the western Gulf of Maine
(WGOM) sections of the Gulf of Maine continuous plankton recorder (CPR) sur-
vey. JL: Jeffreys Ledge; JB: Jordan Basin; WB: Wilkinson Basin. All 1999–2006
CPR samples came from the MB and WGOM regions. A few samples prior to
1999 were collected as far north as 43◦8.2′N and as far south as 42◦14.3′N
2.3.2 Right whales
All analyses were accomplished using data extracted from the NARWC
database (Kenney, 2001; Right Whale Consortium. North Atlantic Right Whale
Consortium Sightings Database 08/23/2007. New England Aquarium, 2007).
Included in our dataset is survey and right whale sighting information from
numerous programs. The sources were the Cetacean and Turtle Assessment
Program (CETAP) from 1978 to 1982 (CETAP, 1982), a set of contract surveys
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by the University of Rhode Island (URI) from 1984 to 1993 (Winn et al., 1985;
Kenney et al., 1986a; Kenney and Winn, 1986a, 1987; Kenney, 2001), the South
Channel Ocean Productivity Experiment (SCOPEX) program from 1988 to 1989
(Kenney and Wishner, 1995), aerial right whale surveys by the NMFS Northeast
Regional Office and Northeast Fisheries Science Center (NEFSC) from 1998 to
2006 (Cole et al., 2007), aerial surveys conducted by PCCS from 1998 to 2006
(Brown et al., 2007), other aerial and shipboard surveys by NMFS between 1991
and 2002, and smaller survey datasets contributed by several NARWC member
organizations (PCCS, New England Aquarium, International Fund for Animal
Welfare, Whale Center of New England, and Associated Scientists at Woods
Hole).
The dataset we used included 2 data types. First, line-transect aerial sur-
veys were conducted as part of CETAP, SCOPEX and URIs Great South Channel
studies to derive estimates of density and abundance of species within defined
areas (which differed within and between programs). These surveys were con-
ducted under rigorous criteria by highly trained observers from one of 2 aircraft,
and were designed to represent statistically random samples of the area. Sec-
ond, platforms-of-opportunity (POP) surveys were those where the observers
collected complete records of aircraft or ship tracks and associated sighting con-
ditions, but where the surveys were not sufficiently standardized to use for
line-transect methods. Data from line-transect surveys conducted by NEFSC
are archived in the NARWC database in the POP format.
The pattern of survey coverage (or effort) can bias the interpretation of raw
sighting data. One method to overcome this potential bias is to quantify sighting
effort, and then to correct sighting frequencies for differences in effort, produc-
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ing an index termed sightings per unit effort (SPUE). The units are numbers of
whales sighted per unit length of survey track. To standardize the SPUE data
even further, the data may be limited to only a subset of the survey tracklines
which meet some defined criteria for acceptability (see below). If the SPUE val-
ues are computed for consistent spatial units, they can be mapped to show effort
corrected distribution patterns. SPUE values also can be statistically compared
across areas, seasons, years, etc. Development of this method began during
CETAP (1982), and it has been used in a variety of analyses (Kenney and Winn,
1986b; Winn et al., 1986; Kenney, 1990; Hain et al., 1992; Shoop and Kenney, 1992;
Kraus et al., 1993; of the Navy), 2005; Pittman et al., 2006).
All available line transect aerial and POP aerial and shipboard survey data
from 1999 to 2006 from the region encompassing Cape Cod Bay, and from 1978
to 2006 from the region encompassing the Great South Channel, were extracted
from the NARWC database and combined to quantify sampling effort and de-
rive right whale SPUE values. Only trackline segments completed with at least
one observer on watch, clear visibility of at least 2 nautical miles (3.7 km), sea
state of Beaufort 3 or lower, and altitude of less than 366 m (1200 ft) for aerial
surveys were included as acceptable effort. The entire area was partitioned spa-
tially into a grid of cells measuring 5 minutes of latitude (9.3 km) by 5 minutes
of longitude (6.8 – 7.0 km) and temporally by 14 d periods.
Effort was quantified as the length of survey track completed within the spa-
tial and temporal confines of the grid cells. All acceptable effort within each grid
cell and time period was summed. Grid cells in which there was less than 2.5
km of survey track completed were excluded from our analysis as inadequately
sampled. Similarly, only right whales sighted during acceptable effort were in-
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cluded and summed within each cell and period. The effort threshold value of
2.5 km was chosen after experimenting with several threshold values between
0 and 6.8 km (the east – west distance across a 5 x 5 minute cell). This threshold
appeared to remove the most outliers without drastically reducing the number
of records available for analysis. Finally, the number of animals sighted was
divided by effort to generate the SPUE index, in units of animals sighted per
1000 km of valid effort. In the text of this manuscript we refer to right whale
SPUE. In the figures and where numeric values are cited, we used right whales
per 1000 km or whales per 1000 km.
We selected geographical subsets of the SPUE dataset for our analysis. For
Cape Cod Bay our data included the area enclosed by Cape Cod Bay to the
northern extent of the Cape Cod Bay right whale critical habitat (defined by
the inner coastline of the Bay and 42◦04.8′N, 70◦10.0′W; 42◦12.0′N, 70◦15.0′W;
42◦12.0′N, 70◦30.0′W; 41◦46.8′N, 70◦30.0′W) (Figure 2.1). For the Great South
Channel the SPUE data subset consisted of the area within a 30% uniform dila-
tion of the Great South Channel right whale critical habitat (described above).
2.3.3 Data analysis
Copepod concentration and right whale SPUE values reported in the present
study represent the mean concentration, or SPUE value, within each habitat area
over the specified time interval. Copepod concentrations were log-transformed
prior to analysis and are reported as log10(no. ind. m
3 + 1).
We first analyzed seasonally expected changes in copepod concentration and
right whale SPUE in each habitat area by computing climatological time series
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of copepod concentration and right whale SPUE values. A climatology is a 1-yr
time series that is produced by averaging all measurements within predefined
intervals of time across all years. The resultant time series represents conditions
in a typical year. In the present study we used 14 d intervals to compute cli-
matological values. Thus, each point in the climatology represents the mean
copepod concentration or right whale SPUE value within the habitat area and
within each 14 d period. Climatologies were computed from each dataset using
data from the following years: (1) CPR-derived Calanus finmarchicus and other
copepods from 1961 to 2006, (2) MARMAP-derived C. finmarchicus from 1977 to
1997, (3) PCCS-derived C. finmarchicus and other copepods from 1999 to 2006,
and (4) NARWC right whale SPUE from 1999 to 2006 and 1978 to 2006 in Cape












































































































































































































































































































































































































Next, we analyzed interannual changes in mean copepod concentration and
right whale SPUE in each habitat area. The time frame for this analysis (1999 to
2006) was chosen to coincide with increased data collection efforts that began in
1999 and have been sustained.
In Cape Cod Bay we restricted our interannual comparison to the first 5 mo
of each year, the time period of consistent sampling by PCCS. Yearly time series
of Calanus finmarchicus, other copepods and right whale SPUE were computed
using 14 d periods. For our statistical analysis, linear regression was used to
determine if there was a significant relationship between mean copepod con-
centration and right whale SPUE within 28 d periods. This longer time period
was used because timing of copepod sampling and right whale surveys was
not synchronized, and some 14 d periods contained relatively small amounts of
data.
For our interannual comparison of Calanus finmarchicus concentration and
right whale SPUE in the Great South Channel habitat area, we plotted yearly
time series of CPR-derived C. finmarchicus and other copepod concentration
from the western Gulf of Maine using 56 d periods (2 consecutive 28 d peri-
ods), and yearly time series of right whale SPUE using 28 d periods. The 56 d
time period was necessary because there are only few records each month from
the CPR. For our statistical analysis, linear regression was used to determine
if there was a significant relationship between mean C. finmarchicus and other
copepod concentration and mean right whale SPUE within trimesters from 1999
to 2006. Trimesters were defined by the following intervals: 1 January–22 April
(trimester 1, 112 d and 113 d during leap years), 23 April–12 August (trimester
2, 112 d), and 13 August–31 December (trimester 3, 141 d). Trimester 3 is longer
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than trimesters 1 and 2 because a year cannot be equally divided into the 28 d
periods that we found necessary to standardize our analysis. We performed an
identical 1999 to 2006 trimester analysis between CPR-derived C. finmarchicus
concentration from Massachusetts Bay and right whale SPUE from the Great
South Channel.
The temporal resolution of MARMAP sampling after 1987 was too sparse
to use in our interannual analysis. Fortunately, the western Gulf of Maine tract
of the CPR is directly upstream of the Great South Channel, and the regions
are oceanographically connected by geographic proximity and local circulation
patterns (Chen et al., 1995). We found a significant correlation (r2 = 0.26, p <
0.001, n = 63) between CPR and MARMAP-derived Calanus finmarchicus con-
centration from corresponding trimesters. For these reasons we feel justified
using C. finmarchicus measurements from the western Gulf of Maine tract of the
CPR as a proxy for the C. finmarchicus measurements in the Great South Chan-
nel.
The copepod sampling methodology was consistent within each region.
Therefore, comparison of relative copepod concentrations within a region and
across time is appropriate, but direct comparison of values between regions is
not. Right whale SPUE values for both regions came from the same database,
but we caution readers against making direct comparisons of SPUE values be-
tween regions.
Due to the small number of data points used in the linear regressions, corre-
lation coefficients and statistical significance were sensitive to each data point.
For this reason, we consider relationships with p-values near 0.15 to be mean-
ingful; however, our criteria for statistical significance is p < 0.05.
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2.4 Results
2.4.1 Cape Cod Bay: climatological patterns
Climatological Calanus finmarchicus concentration in Cape Cod Bay (Figure
2.2a) rises from a very low concentration in January to a local maximum of
102.4 ind. m3 at the end of April. C. finmarchicus concentration during May and
June varies in excess of one order of magnitude. Maximum C. finmarchicus con-
centration of 103 ind. m3 is reached in late June. From mid-July to early Septem-
ber C. finmarchicus concentration is less than 100.5 ind. m3, on par with the con-
centration measured during January. From October to mid-November there is
an increase in C. finmarchicus concentration of almost 1.5 orders of magnitude.
The concentration in December is less than 100.2 ind. m3 and is on par with the
January concentration. There are no C. finmarchicus or other copepod measure-
ments available in early July, mid- September or late November.
Unlike Calanus finmarchicus, the mean concentration of other copepods in
January is near the maximum yearly value. The only other time that concentra-
tion exceeds 103 ind.m3 is during December. From January to May the concentra-
tion of other copepods declines steadily, by almost an order of magnitude, from
103.1 to 102.2 ind. m3. The concentration then increases and remains relatively
high (> 102 ind. m3) from June through August, when the concentration appears
to decline substantially before rebounding to levels in excess of 102 ind. m3.
The CPR measurements of Calanus finmarchicus (Figure 2.2b) from the Mas-
sachusetts Bay tract of the CPR, north of Cape Cod Bay, are generally higher















a. Calanus and other copepods in Cape Cod Bay
b. Calanus in Massachusetts Bay









































Figure 2.2: Calanus finmarchicus, other copepods (Pseudocalanus spp. and Cen-
tropages spp.) and Eubalaena glacialis. Climatological time series of (a) C. fin-
marchicus (4) and other copepods () from surface tows in Cape Cod Bay (1999 –
2006), (b) C. finmarchicus (∗) from the Massachusetts Bay tract of the CPR (1961–
2006), and (c) right whale SPUE (whales per 1000 km of survey effort) (©) in
Cape Cod Bay (1999 – 2006). Each point represents the mean ± 1 SE for a 14 d
period
rect comparison of concentrations from the CPR and net tows is problem-
atic. Massachusetts Bay CPR C. finmarchicus concentration does not fall below
101.3 ind. m3, and only exceeds 103 ind. m3 during 2 periods, early July and early
August. The maximum springtime C. finmarchicus concentration occurs at the
beginning of April. Subsequent to this, C. finmarchicus concentration rises and
falls in a pattern reminiscent of, but less pronounced than, C. finmarchicus in
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Cape Cod Bay (Figure 2.2a). From this point on in Massachusetts Bay, C. fin-
marchicus concentration declines steadily, with the exception of a brief increase
in concentration during October. During November and December the concen-
tration is relatively constant.
Right whale SPUE is near zero whales per 1000 km in January (Figure 2.2c),
but increases to its maximum value of 16.5 whales per 1000 km in early April.
Right whale SPUE then decreases nearly twice as fast as it increased. Right
whale SPUE is at or near zero whales per 1000 km from late June to early De-
cember.
The rise and fall in right whale SPUE is not reflected in copepod data, how-
ever there are some similarities. Calanus finmarchicus concentration and right
whale SPUE measured inside Cape Cod Bay both rise rapidly for about the first
3 mo of the year. In early April right whale SPUE declines rapidly, while C.
finmarchicus concentration continues to rise. The concentration of other cope-
pods declines throughout the entire rise and fall in right whale SPUE, January
through May. In mid May, the concentration of other copepods and right whale
SPUE are at their minimum values for the first 5 mo of the year. The spring-
time local maximum in C. finmarchicus concentration from the Massachusetts
Bay tract of the CPR co-occurs with the yearly right whale SPUE maximum.
2.4.2 Great South Channel: climatological patterns
In the Great South Channel, MARMAP-derived Calanus finmarchicus concen-
tration increases steadily from January through March (Figure 2.3a). There is
an abrupt increase in C. finmarchicus concentration during April, after which
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the concentration remains high until mid-June. The maximum concentration
(102.6 ind. m3) occurs in mid-May. After late June, C. finmarchicus concentration
falls back to pre-April levels. Following this reduction, there is subtle evidence
of a second high concentration period during August and September. The C. fin-















b. Right whales in the Great South Channel
a. Copepods in the Great South Channel 

























Figure 2.3: Calanus finmarchicus, other copepods (Pseudocalanus spp. and Cen-
tropages spp.) and Eubalaena glacialis. Climatological time series of (a) Calanus
(∗) and other copepods (♦) from the western Gulf of Maine tract of the CPR
(1961 – 2006), and Calanus (4) from the Marine Resources Monitoring, Assess-
ment and Prediction (MARMAP) program in the Great South Channel (1977 –
1997), and (b) right whale SPUE (whales per 1000 km of survey effort) (©) in the
Great South Channel (1978 – 2006). Each point represents the mean ± 1 SE for a
14 d period
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From January to late March the CPR-derived Calanus finmarchicus concen-
tration is relatively constant, with slight increases in concentration during late
February and early March. The mean value during this period is 102.5 ind. m3.
C. finmarchicus concentration then increases gradually to the maximum value
of 103.6 ind. m3 in late May. This high concentration is sustained for about one
month. There is a steady decline in concentration from mid-June to the end of
August, when the minimum yearly concentration of 101.5 ind. m3 is reached. C.
finmarchicus concentration quickly rebounds to values on par with those exhib-
ited in mid-August, but then declines and is relatively low throughout Novem-
ber and December.
The concentration of other copepods from the CPR (Figure 2.3a) is inverted
from that of Calanus finmarchicus it is relatively low for the first half of the
year, and relatively high for the latter half of the year. A similar pattern
was noted by Pershing et al. (2005) . The concentration declines from mid-
January through February, and until mid-June a relatively low level is sustained
(mean = 100.7 ind. m3). The concentration then rises rapidly, 3 orders of magni-
tude over 2 mo, to the yearly maximum of 103.9 ind. m3, and remains high until
a rapid decline begins in November.
The MARMAP and western Gulf of Maine CPR climatological Calanus fin-
marchicus time series show similar patterns in abundance through time. The
CPR C. finmarchicus concentration appears to lag behind that of MARMAP by
2 to 4 wk. Both time series show a prominent and a subtle high-concentration
period: a prominent peak occurs in early May and in the first half of June, and
a less obvious peak occurs in late July and in mid-September, for the MARMAP
and CPR time series, respectively. Additionally, the CPR time series shows
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a subtle peak in late February and early March that cannot be seen in the
MARMAP time series.
As in Cape Cod Bay, right whale SPUE in the Great South Channel is sea-
sonal (Figure 2.3b). During January and February right whales are sighted very
infrequently in the habitat area, indicated by near zero SPUE values. In March,
right whale SPUE begins to steadily increase, and during the 14 d period in
early May there is a 67% increase in SPUE. The highest SPUE value of the year
(18.8 whales per 1000 km) occurs in late May. This maximum value co-occurs
with the maximum CPR Calanus finmarchicus concentration, and occurs 2 wk af-
ter the maximum MARMAP C. finmarchicus concentration. Right whale SPUE
decreases from mid-June through July, and from early August to the end of the
year SPUE is at or near zero whales per 1000 km.
There is a strong positive relationship between the climatological time series
of Calanus finmarchicus and right whale SPUE during the right whale season
of March through July in the Great South Channel (Figure 2.4). During this
time period, the relationship between MARMAP C. finmarchicus concentration
and right whale SPUE is significant (r2 = 0.65, p < 0.01), while the relationship
between climatological CPR C. finmarchicus concentration and right whale SPUE
is weaker (r2 = 0.40, p = 0.05). These relationships, along with the correlation
between MARMAP and CPR C. finmarchicus concentrations (see above), support
the use of mean C. finmarchicus concentration from the western Gulf of Maine
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Figure 2.4: Calanus finmarchicus and Eubalaena glacialis. March through July cor-
relation of climatological right whale SPUE (whales per 1000 km of survey ef-
fort) in the Great South Channel (1978 – 2006) versus (a) C. finmarchicus from
the western Gulf of Maine tract of the CPR (1961 – 2006) and (b) C. finmarchicus
from MARMAP surveys in the Great South Channel (1977 – 1997). Each point
represents the March through July climatological mean
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2.4.3 Cape Cod Bay: interannual patterns
During January to February from 1999 to 2006, the range of values spanned
by the mean concentration of Calanus finmarchicus was less than one order of
magnitude. Beginning in March, yearly C. finmarchicus time series diverge from
one another and years with high concentrations can be visually separated from
years with low concentrations (Figure 2.5a). C. finmarchicus concentration in
1999, 2001 and 2005 was consistently high through March and April. A compa-
rably high concentration was reached in 2000 and 2003, but during these years
the springtime increase in C. finmarchicus concentration lagged by 2 to 4 wk. C.
finmarchicus concentration declined in May during all years except 2002, when
the concentration continued to increase throughout May. Because sampling
stopped early in some years, there were no C. finmarchicus or other copepod
data available after the first week of May in 1999, 2000 and 2006.
From 1999 to 2002, the range of values spanned by the mean concentration
of other copepods was less than one order of magnitude, with the exception
of a lower concentration in April 2002. The concentration of other copepods
from 2003 to 2006 declined faster and was more variable than the concentration
from 1999 to 2002. Notable examples of this are the years 2003 and 2004. By May
2003, Calanus finmarchicus concentration was 1.5 orders of magnitude lower than
it was in January 2003. The concentration in early March 2003 was the second
lowest for that year, and 6 wk later the concentration was at its peak value for
that year. The greatest decline in concentration, over 2 orders of magnitude,
occurred from January to May 2004. From mid-February though March 2004,
the concentration of other copepods was relatively stable at a value above the
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Figure 2.5: Calanus finmarchicus, other copepods (Pseudocalanus spp. and Cen-
tropages spp.) and Eubalaena glacialis. Yearly time series (1999 – 2006) from Cape
Cod Bay of (a) C. finmarchicus and (b) other copepods collected by surface tow,
and (c) right whale SPUE (whales per 1000 km of survey effort). Each point
represents the mean over a 14 d period
31
their monthly analysis of copepod concentration in Cape Cod Bay from 2000 to
2003.
In general, right whale SPUE was higher from 1999 to 2002 than it was from
2003 to 2006 (Figure 2.5c). In 2000, right whale SPUE was unusually high in
Cape Cod Bay; SPUE peaked from mid-March to mid-April, and declined to
zero whales per 1000 km by the end of April. During 2002, right whale SPUE
peaked in mid- February, 6 to 8 wk before copepod concentration was expected
to peak (Figure 2.2b). The years 2003 to 2006 exhibited very similar patterns:
a slow increase in right whale SPUE from the beginning of the year until the
maximum was reached in April, after which right whale SPUE declined in May.
Of the latter 4 yr, the highest right whale SPUE was found in 2003, and it co-
occurred with the 2003–2006 maximum concentration of Calanus finmarchicus
and other copepods.
Broadly speaking, Calanus finmarchicus concentration was lower from 1999
to 2002 than from 2003 to 2006. The opposite pattern was exhibited in the con-
centration of other copepods and right whale SPUE, which were both higher
from 1999 to 2002 than from 2003 to 2006.
During January, February and most of March, a generally negative relation-
ship can be seen between regionwide Calanus finmarchicus concentration and
right whale SPUE in Cape Cod Bay (Figure 2.6a). The apparent negative re-
lationship was strongest in January (r2 = 0.37, p = 0.108; Table 2.2), and was



































































































































































































































































































































































































































a. Calanus and Right Whales in Cape Cod Bay
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01 Jan - 28 Jan, r2 = 0.37, p = 0.108
29 Jan - 25 Feb
26 Feb - 26 Mar
26 Mar - 22 Apr, r2 = 0.35, p = 0.124
23 Apr - 20 May
01 Jan - 28 Jan
29 Jan - 25 Feb, r2 = 0.36, p = 0.115
26 Feb - 25 Mar
26 Mar - 22 Apr, r2 = 0.53, p < 0.05
23 Apr - 20 May
Figure 2.6: Calanus finmarchicus, other copepods (Pseudocalanus spp. and Cen-
tropages spp.) and Eubalaena glacialis. Cape Cod Bay mean copepod concentra-
tion from surface tows versus right whale SPUE (whales per 1000 km of survey
effort) within the first five 28 d periods from 1999 to 2006. (a) C. finmarchicus
and (b) other copepods plotted against right whale SPUE. Lines are linear least
squares fits: (—-) p < 0.05; (- - -) p < 0.15
The relationship between C. finmarchicus concentration and right whale
SPUE appears to have switched from negative to positive in the period of late
March to late April. During this time of year in Cape Cod Bay, C. finmarchicus
typically becomes a larger proportion of the copepod assemblage (Figure 2.2a),
while right whales are sighted with increasing frequency (Figure 2.2c). The re-
34
lationship between the mean concentration of other copepods and right whale
SPUE in Cape Cod Bay was generally positive (Figure 2.6b). During January
there was no apparent relationship, but in each of the following 2 time peri-
ods (spanning 29 January– 25 March) a positive, but insignificant, relationship
can be seen between the concentration of other copepods and right whale SPUE.
During the right whale season, when right whales are expected in high numbers
(26 March22 April) in Cape Cod Bay, there was a significant association between
the concentration of other copepods and right whale SPUE (r2 = 0.53, p < 0.05,
Table 2.2). There was no discernable relationship between the concentration of
other copepods and right whale SPUE in the subsequent 28 d period, from 23
April to 20 May.
2.4.4 Great South Channel: interannual patterns
Western Gulf of Maine Calanus finmarchicus concentration from 1999 to 2002 was
generally low with high variability, while from 2003 to 2006 the concentration
was generally high with low variability (Figure 2.7a). C. finmarchicus concentra-
tion in 2000 was particularly low in the latter half of the year. The year 2001 was
unique in that C. finmarchicus increased in the latter half of the year. In 2003 and
2004 the concentration of C. finmarchicus rose to near-maximum concentrations
about 2 mo before the maximum was reached in mid-May. The years 2005 and
2006 exhibited a different pattern: C. finmarchicus concentration rose at about the
same rate from January until the yearly maximum concentration was reached
in mid-May. Concentration in the latter half of 2005 was the lowest of any year
except 2000. There were no data available for mid-May of 1999 or 2001, when



























c. Right whales in the Great South Channel






































b. Other copepods in the Western Gulf of Maine
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Figure 2.7: Calanus finmarchicus, other copepods (Pseudocalanus spp. and Cen-
tropages typicus) and Eubalaena glacialis. Yearly time series (1999 – 2006) of (a) C.
finmarchicus and (b) other copepods from the western Gulf of Maine tract of the
CPR. (c) Right whale SPUE (whales per 1000 km of survey effort) in the Great
South Channel. Inset shows right whale SPUE outlier from March 2003
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The early year concentration of other copepods from the western Gulf of
Maine CPR (Figure 2.7b) tract was generally high from 1999 to 2002, and was
generally low from 2003 to 2006. With the exception of the second 56 d period,
concentrations in 2000 were unusually high. In 1999 and 2000, the end-year de-
cline in concentration, seen in all other years, was not observed. Concentrations
from 2003 to 2006 were bimodal, with peaks in concentration early and late in
the year. Within all of these years, except 2004, a difference of at least one order
of magnitude can be seen between the early and late peaks in concentration.
The yearly right whale SPUE time series (Figure 2.7c) from the Great South
Channel shows a great deal of variation from the climatology (Figure 2.3b).
Right whales were usually first sighted in the Great South Channel during
March (Figure 2.7c). The maximum right whale SPUE was typically reached
during May or June, and by August or September right whale SPUE in the Great
South Channel was at or near zero. Right whale SPUE was generally lower from
1999 to 2001 than in the following years, and particularly low SPUE values were
found in 1999 and 2000. Right whale SPUE from 2003 to 2006 was highly vari-
able within years. In March of 2003, right whale SPUE was very high (Figure
2.7c inset), but subsequently declined to more typical levels. The highest right
whale SPUE value, aside from the outlier in March of 2003, was recorded in late
May and early June 2004. In 2005 there were 2 right whale SPUE maxima: a
local maximum during April, followed by a decline, and then the yearly maxi-
mum value in July. This pattern was also observed in 2006, but the time series
was shifted back by about one month, so that there was a local maximum in
March, followed by a decline, and then the yearly maximum right whale SPUE
in June. A small number of survey flights were directed toward the location
of suspected aggregations of whales. Records from these flights are not easily
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identifiable in the NARWC database, and it is possible that the peculiar SPUE
peaks seen in March are due to such flights.
Right whale SPUE was usually higher in the Great South Channel when the
Calanus finmarchicus concentration was high in the western Gulf of Maine (Fig-
ure 2.8a). During trimester 1 (January through late April) there was a weak pos-
itive association between C. finmarchicus concentration and right whale SPUE.
During trimester 2 (late April to mid-August) the association was significant
and positive (r2 = 0.54, p < 0.05). In trimester 3 (mid-August through Decem-
ber) there was no detectable relationship between C. finmarchicus concentration
and right whale SPUE. In addition to the correlations, a more general relation-
ship holds: right whale SPUE was relatively low when C. finmarchicus concen-
tration was low, and when right whale SPUE was high in the Channel, C. fin-
marchicus concentration was high. No relationship was found between Great
South Channel right whale SPUE and C. finmarchicus concentration from the
Massachusetts Bay tract of the CPR.
Right whale SPUE was usually lower in the Great South Channel when
the concentration of other copepods was higher in the western Gulf of Maine
(Figure 2.8b). During trimester 1 there was a weak negative association be-
tween the concentration of other copepods and right whale SPUE. During
trimester 2 (late April to mid-August) the association was significant and nega-
tive (r2 = 0.51, p < 0.05), and during trimester 3 right whale SPUE did not vary
notably with the concentration of other copepods.
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Figure 2.8: Calanus finmarchicus, other copepods (Pseudocalanus spp. and Cen-
tropages typicus) and Eubalaena glacialis. Mean right whale SPUE (whales per
1000 km of survey effort) from the Great South Channel versus (a) C. finmarchi-
cus and (b) other copepods from the western Gulf of Maine tract of the CPR
during the following trimesters (1999 – 2006): 1 January – 22 April (©), 23 April
– 12 August (N), 13 August – 31December (). Inset shows a right whale SPUE
outlier from March 2003 that was removed from the dataset
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2.5 Discussion
We found that regional-scale mean copepod concentration can be a good in-
dicator of right whale SPUE in 2 right whale critical habitats. The association
changes both in time and between habitats, with Calanus finmarchicus playing a
more important role in the Great South Channel, and other copepods playing a
more important role in Cape Cod Bay.
Wishner et al. (1995) found significantly higher abundances of stage C5
Calanus finmarchicus in areas where whales were present than in areas where
they were absent. Baumgartner et al. (2003a) found a significant relationship be-
tween right whale sighting rate and C. finmarchicus abundance at the depth of
the stage C5 C. finmarchicus diapausing layer (90 to 140 m), but not with whole
water-column abundances of C. finmarchicus. These studies emphasize the im-
portance of subsurface aggregations of C. finmarchicus to feeding right whales
and suggest that, due to spatial and temporal heterogeneity in copepod concen-
tration, the regional-scale copepod concentration may not be important. Our
results stand in contrast to this suggestion. We found that the regional-scale
mean copepod concentration, when measured in near-surface waters and av-
eraged across space (rather than depth), is significantly related to the relative
abundance of right whales at certain times of year.
In light of Figures 8a & 6b, and keeping in mind that right whales feed at
depth as well as near the surface, we view mean copepod concentration as good
proxy for the availability of dense copepods patches to right whales. The results
presented here complement those of Wishner et al. (1995) and Baumgartner et al.
(2003a), and others, by expanding the spatiotemporal scale of study and the
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number of samples (Table 2.1) under consideration.
2.5.1 Cape Cod Bay
From the end of January to late March there is a suggestive, but statistically in-
significant, positive relation ship between the concentration of other copepods
and right whale SPUE in Cape Cod Bay (Figure 2.6b). Indeed, if right whales are
feeding in Cape Cod Bay at this time of year, they could reasonably be expected
to feed on the most abundant, available and acceptable copepods, which are the
wintertime residents Pseudocalanus spp. an Centropages spp. (Figure 2.5b). In
contrast, there is a suggestive, though statistically insignificant, negative rela-
tionship between Calanus finmarchicus and right whale SPUE in the Bay during
mid-winter (128 January) (Figure 2.6a). This relationship, albeit weak, is surpris-
ing. The density of C. finmarchicus is low and accounts for a small percentage of
the overall copepod assemblage at that time of year, and we would not necessar-
ily expect a strong relationship between C. finmarchicus and right whales (Figure
2.2a). One hypothesis to explain this is that when C. finmarchicus are abundant
in Cape Cod Bay, they are more abundant outside of the bay. This hypothesis
is supported by the fact that C. finmarchicus arrive in Cape Cod Bay primarily
via advection (DeLorenzo Costa et al., 2006; Jiang et al., 2007). Concentration of
CPR-derived C. finmarchicus is generally higher in Massachusetts Bay (Figure
2.2b) than in the western Gulf of Maine (Figure 2.3a). A high C. finmarchicus
concentration inside Cape Cod Bay may imply that conditions outside of the
bay are more favorable for the production of C. finmarchicus. From our analysis,
there appears to be no C. finmarchicus reason for right whales to be in Cape Cod
Bay prior to late March.
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The maximum right whale SPUE value in Cape Cod Bay usually occurs in
the early spring, during April. The same pattern was noted almost a century
ago (Allen, 1916). Typically, the concentration of other copepods has declined
by this time of year, and the concentration of Calanus finmarchicus has increased
to the point where they are on par with that of other copepods. The significant
association between the concentration of other copepods and right whale SPUE
in Cape Cod Bay at this time of year (r2 = 0.53, p < 0.05), and the suggestive (but
statistically insignificant) relationship between C. finmarchicus and right whale
SPUE imply that the mean concentration of copepods in Cape Cod Bay is cou-
pled to the number and quality of copepod patches in the bay, and thus the
suitability of the bay for feeding right whales. These results are supported by
the findings of Jiang et al. (2007) who found a significant relationship (using the
criterion p < 0.10) between right whale SPUE and C. finmarchicus in Cape Cod
Bay.
Despite the fact that right whales appear to respond more strongly to other
copepods than to Calanus finmarchicus, we know that C. finmarchicus is an im-
portant part of the right whales diet. Given this, why does the number of right
whales in Cape Cod Bay decline just as C. finmarchicus concentration reaches
the seasonal maximum value? Comparing apparent right whale departure and
arrival times, inferred from SPUE values, in Cape Cod Bay and the Great South
Channel, we see that as right whale SPUE declines in the bay, it increases in the
channel (Figures 2.2c & 3b). This shift in the sighting frequency of right whales
between the 2 neighboring habitats suggests that whales residing in Cape Cod
Bay may move to the Great South Channel at this time. It is plausible that the rel-
ative concentration of C. finmarchicus and other copepods in neighboring habi-
tats is responsible for shifts in the relative abundance of right whales from Cape
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Cod Bay to the Great South Channel, and to other habitats.
If the highest Gulf of Maine Calanus finmarchicus abundance occurs over
Wilkinson and Jordan Basins, and the lowest C. finmarchicus abundances occur
in the waters of Massachusetts Bay and Cape Cod during January and Febru-
ary, as Meise and OReilly (1996) reported, why is Cape Cod Bay utilized by right
whales during this time of year? One possible explanation for the late winter
occurrence of right whales in Cape Cod Bay is that the bay may preferentially at-
tract demographic subsets of the North Atlantic right whale population. A few
studies have explored the hypothesis that there is regional segregation of de-
mographic groups in the North Atlantic right whale population, and there are
a few examples of sighting heterogeneity related to life history stage. Brown et
al. (2001) found lower identification rates for adult female right whales than for
male and female juveniles and adult males. Weinrich et al. (2000) found longer
residence times for mother-calf pairs than for other demographic groups in the
Jeffreys Ledge habitat, and Hamilton and Mayo (1990) found that mothers with
calves were not sighted in Massachusetts and Cape Cod Bays until after the first
week of April. Further analysis of individually identified right whales and their
inter- and intra-annual sightings is needed to describe and assess the influence
of right whale demography on their pattern of habitat use.
2.5.2 Great South Channel
Our interannual analysis showed that from late April to early August, region-
wide mean concentration of Calanus finmarchicus was a strong indicator (r2 =
0.54, p < 0.05) of right whale SPUE in the Great South Channel. Earlier in the
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year there was a positive relationship between C. finmarchicus and right whale
SPUE in the channel, and later in the year there was no detectable relationship
between C. finmarchicus and right whale SPUE in the channel. Overall, above
average C. finmarchicus concentration appears to be a necessary condition for
high relative abundance of right whales.
We have the most confidence in the result for late April to early August (Fig-
ure 2.8a, N), since right whale survey effort in the Great South Channel was
usually greatest at that time of year. If feeding is one of the primary reasons
that right whales visit the Great South Channel, then the significant association
between Calanus finmarchicus concentration and right whale sighting frequency
in this region could be interpreted as an association between region-wide mean
C. finmarchicus concentration and the number and quality of high-density C. fin-
marchicus patches in the region.
In the Bay of Fundy, Baumgartner et al. (2003b) found that the average water-
column concentration of stage C5 Calanus finmarchicus was lower in 2000 than
in 2001, yet discrete layers of C. finmarchicus at depth had a higher concentra-
tion in 2000 than in 2001. This mismatch suggests that, at the scale of their
study (on the order of 50 km2 and over several days during summer), the den-
sity of C. finmarchicus patches is not strongly coupled to regional-scale mean
C. finmarchicus concentration. A critical difference between the study of Baum-
gartner et al. (2003b) and the present study is the temporal range considered
(a few days versus months), and the copepod concentration averaging method
(water-column averages versus surface spatial averages). Assuming whales re-
quire high-density C. finmarchicus patches, the present study suggests that at
the spatial scale of the Great South Channel and on a temporal scale of 4 mo,
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the number and frequency of patches increases with the regionalscale mean C.
finmarchicus concentration.
2.6 Conclusions
Our interannual analysis showed that at certain times of year, the regional-scale
mean copepod concentration is an indicator of the relative abundance of right
whales in 2 critical habitat areas. During early spring in Cape Cod Bay, there is a
significant association between right whale SPUE and the concentration of other
copepods (Pseudocalanus spp. and Centropages spp.). The relationship between
Calanus finmarchicus and right whale SPUE in the Bay appears to be positive, but
it is not statistically significant. The concentration of C. finmarchicus in the west-
ern Gulf of Maine, an acceptable proxy for the concentration of C. finmarchicus
in the Great South Channel, is a significant indicator of right whale SPUE in the
Great South Channel between late April and mid-August. It appears that use
of the Great South Channel by right whales is substantially reduced when the
concentration of C. finmarchicus is low. In general, C. finmarchicus is a conserva-
tive indicator of the right whale SPUE in the Great South Channel. Results from
our analysis of interannual variability suggest that with seasonal dependence,
(1) regional-scale mean copepod concentration is positively correlated to the
relative abundance of right whales, and (2) models that forecast copepod con-
centration on a regional-scale could be useful for predicting where and when
right whales are likely to be, and could therefore be useful tools for mitigating
anthropogenic risk to North Atlantic right whales.
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CHAPTER 3
WEEKLY ESTIMATES OF NORTH ATLANTIC RIGHT WHALE
(EUBALAENA GLACIALIS) HABITAT QUALITY IN THE CAPE COD BAY
AND GREAT SOUTH CHANNEL
3.1 Introduction
North Atlantic right whales (Eubalaena glacialis) are critically endangered. De-
spite protective measures, collisions with vessels and entanglement in fishing
gear continue to pose significant risk to these animals (Kraus et al., 2006). This
high level of threat is due, in part, to extensive overlap of right whale habitat
with shipping and fishing areas. Thus, there is an economic incentive to re-
sist measures that would protect right whales, especially blanket restrictions. A
more dynamic view could ease some of these conflicts.
We know where to find right whales within large spatial and temporal win-
dows (Winn et al., 1986). During winter females can be found giving birth in
the coastal waters of the southeast United States (Kraus et al., 2007). From win-
ter to mid-spring, a portion of the population can be found in Cape Cod Bay
off the northeast coast of the United States (Mayo et al., 2004). Beginning in
mid-spring and extending into the summer a large number of right whales can
be found in the Great South Channel (CETAP, 1982). In the late summer and
fall right whales can be found in the Bay of Fundy and Roseway Basin (Kraus
and Rolland, 2007). With few exceptions (e.g., Kenney (2001)) these patterns
are predictable on seasonal timescales and on regional spatial scales. Protective
measures such Seasonal Area Management zones (NOAA, 2006), the manda-
tory ship reporting system (Ward-Geiger et al., 2005), vessel speed restrictions
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(DOC, 2008) and the boundaries of the U.S. critical habitats (DOC, 1994) have
been based upon these well known distributional patterns.
A leading hypothesis to explain the distribution of right whales is that
whales move to areas with high concentrations of prey, relative to nearby re-
gions. Many studies have been undertaken to examine the extent of the rela-
tionship between right whales and their primary prey, late-stage Calanus fin-
marchicus (hereafter Calanus) (Wishner et al., 1988; Murison and Gaskin, 1989;
Wishner et al., 1995; Baumgartner et al., 2003). Pendleton et al. (2009) examined
abundance of right whales with respect to two groups of prey: 1) Calanus and 2)
Pseudocalanus spp. and Centropages spp. The authors found that regional-scale
(habitat-wide) mean concentration of prey is a statistically significant predictor
of the relative abundance of right whales. Pendleton et al. (2009) also found that
right whales in Cape Cod Bay appear to respond more strongly to Pseudocalanus
spp. and Centropages spp. than to Calanus. However, in the Great South Chan-
nel right whale abundance was more strongly correlated with Calanus than with
other prey taxa. This suggests 1) that the environmental preferences of right
whales are dynamic – habitat preferences change on a seasonal basis, and 2)
distribution and availability of prey are important factors in determining the
distribution of right whales.
Pershing et al. (2009a) went on to build and ground-truth a model of Calanus
abundance throughout the Gulf of Maine, and Pershing et al. (2009b) found a
statistically significant relationship between modeled concentration of Calanus
and the arrival date of right whales in the Great South Channel right whale
critical habitat. Thus, modeled concentration of Calanus has been found to be
good predictor of right whale abundance at regional spatial scales.
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Finer resolution estimates of where and when right whales are likely
to occur, within and between years, are needed so that resource managers
can alert mariners when aggregations of right whales are likely to occur.
States of heightened alert are already automated with the autobuoy system
(http://listenforwhales.org) that detects right whale upcalls in the Cape Cod
and Massachusetts bays and issues alerts to vessels in the area. Realtime habi-
tat suitability maps are needed to provide a broader spatial context to acoustic
right whale detections.
For this study, we modeled the distribution of right whales on small space
(1km2) and short time (weekly) scales. Our objective was to build a model that
could identify potential right whale habitat on a weekly timescale, and that was
robust to inter-annual variability in the environmental conditions that deter-
mine the distribution of right whales. Within that purview, we tested two hy-
potheses: H1: that right whale environmental preferences are dynamic on sea-
sonal timescales, and H2: that prey is an important predictor of the spatial and
temporal distribution of right whales.
3.2 Materials and Methods
We built habitat models using maximum entropy density estimation. The
models relate a suite of environmental data at the time and place of docu-
mented right whale occurrences to inform predictions of habitat suitability over
a broader geographic range. Five years of data were available (2002–2006).
Cross-validation was used to assess model skill – four years of data were used
to train each model, and the fifth year was used to test the model. The cross-
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validation procedure was repeated five times, each time using a different year
to test the model.
To address H1, that right whale habitat preferences are dynamic, we con-
ducted three experiments. In the first experiment we trained models with data
from 1 January – 21 March (winter), in the second we we used data from 22
March – 1 June (spring), and in the third we used data from 1 January – 1 June
(winterspring). Differences in the influence of predictors on the model would
suggest a difference in the type of habitat selected by right whales in different
seasons.
To address H2, that prey is an important predictor of right whale habitat pref-
erence, we compared the predictive accuracy of models trained with and with-
out prey. Prey data were obtained from model-based estimates of Calanus abun-
dance. For each time period described above (winter, spring and winterspring),
we trained models with Calanus (denoted by a subscriptC) and without Calanus.
Each experiment consists of five cross-validated model runs. Area under the
receiver operator curve (AUC), variability in the sensitivity or true positive rate
(TPR) and a new metric, the reverse cumulative (RC) curve, were used to assess
the predictive capacity of each model.
3.2.1 Data
Region. The geographic domain over which we modeled habitat suitability en-
compassed the Cape Cod Bay and Great South Channel critical habitats (Figure
3.1). All right whale sightings and environmental data used to train and test
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the model came from the study area. Right whale occurrence records. Right








Figure 3.1: Gulf of Maine region. Cape Cod Bay at lower-left and Nova Scotia
at upper-right. Bold rectangle is the region for which habitat suitability was
estimated. Bathymetry depicted shaded lines: from dark to light, lines represent
contours at 0 m, 100 m, 200 m and 1000 m.
whale occurrence records were collected during right whale aerial surveys of
the Provincetown Center for Coastal Studies [Mayo et al, 2004] and the Na-
tional Marine Fisheries Service (NMFS) (Cole et al., 2007). The NMFS conducts
”non-directed” and ”directed” surveys. Non-directed surveys are randomized
trackline surveys, and directed surveys are focused on areas of known or sus-
pected aggregations of right whales. We used right whale occurrence records
from non-directed surveys conducted from the years 2002 to 2006.
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Predictor variables. Three dynamic predictor variables and one static predictor
variable were used to model right whale habitat suitability. Values of these vari-
ables were drawn from georeferenced images, herein referred as environmental
data layers. Dynamic predictor variables included surface temperature (SST),
chlorophyll, and modeled Calanus abundance.
SST measurements were obtained from the Advanced Very High Resolu-
tion Radiometer (AVHRR) for the years 2002 and 2003, and from the Moderate
Resolution Imaging Spectrometer (MODIS) instrument on the Aqua satellite for
the years 2004–2006. Chlorophyll measurements were obtained from the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) sensor for the year 2002, and from
the MODIS instrument on the Aqua satellite for the years 2003–2006. SST and
chlorophyll predictor variables contained the average value at each pixel loca-
tion within non-overlapping 8-day time periods from 1 January – 1 June. Satel-
lite imagery (SST and chlorophyll) was interpolated to eliminate pixels with
missing data, which were a consequence of cloud cover. Abundance values for
Calanus were generated from a Calanus life-history model that was coupled to
a physical ocean circulation model. Details of the satellite data processing and
the model of Calanus abundance are documented in Pershing et al. (2009b). The
only static predictor variable utilized was a TOPEX-derived bathymetric grid
indicating water depth (Smith and Sandwell, 1997). All predictor variables ad-
hered the the same spatial grid, spanning -71◦ W to -67◦ W longitude, and -40.5◦
N to -42.5◦ N latitude with a resolution of 1km2.
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3.2.2 Model
The purpose of a species distribution model is to map the potential distribution
of a species. This is done by characterizing the species’ environmental niche
and projecting it onto a set of environmental data layers. The first step in build-
ing a species distribution model is to assemble species occurrence records and
pertinent environmental data from the time and location of the occurrences.
In cases where the time of the occurrence was not recorded precisely, or when
the occurrence record has come from a museum collection, matching the time
of occurrence with environmental data may not be possible. In this case envi-
ronmental data is often drawn from climatological datasets such as WorldClim
(Hijmans et al., 2005). The WorldClim dataset provides values for many envi-
ronmental variables over Earth’s landmass. Complete coverage is achieved by
interpolating between measurements collected over a 50 year time span (1950 to
2000). When climatological environmental data are paired with species occur-
rence records, predictions of the species distributions will not capture intra- and
inter-annual changes in species distributions. In the work presented here, we
used environmental data layers with an eight-day temporal resolution – a time
frame relevant to resource managers. Not only does this timescale allow us to
make predictions on an eight-day timescale, it allows us to examine changes in
the predicted species’ distribution within and between years.
The second step in building a species distribution model is to choose an al-
gorithm to generate a model of the species’ response to its environment, i.e., its
environmental niche. The final steps are to project the model onto environmen-
tal data layers covering the study area of interest, and to validate the prediction
with an independent set of species occurrence records. It is important to note
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that the model is an equation describing the response of the species to envi-
ronmental predictor variables. The prediction is then the map that results from
applying the model to environmental data layers.
The algorithm used to produce models of species distribution could be as
simple as a linear regression. Generalized linear models and generalized addi-
tive models have been widely used (Guisan et al., 2005) in species distribution
models. However, several novel algorithms have gained popularity in recent
years, particularly the Genetic Algorithm for Rule Set Prediction (GARP) (Stock-
well and Peters, 1999), boosted regression trees (Elith et al., 2008), artificial neu-
ral networks (Hilbert and Ostendorf, 2001; Pearson et al., 2004) and maximum
entropy density estimation (Phillips et al., 2006). Elith et al. (2006) provides a
comprehensive review of traditional and novel species distribution modeling
algorithms. Based on this review, we selected maximum entropy density esti-
mation.
The maximum entropy method is machine learning approach to species dis-
tribution modeling. Entropy, in the context of information theory, is a measure
of uncertainty (Shannon, 1948). Higher entropy corresponds to higher uncer-
tainty. Maximizing entropy is equivalent to assigning equal probability to all
possible outcomes about which we have no prior information. In the maximum
entropy method we seek to estimate an unknown probability density function
pi representing the true distribution of the species over a set X of locations. The






Because pi is a probability density function, we impose the necessary constraint
that
∑
x∈X pˆi(x) = 1. The estimated distribution must respect additional con-
straints derived from the occurrence data. Those constraints are based on the
environmental data and are expressed as functions called features and denoted
f (x). One such feature might constrain the mean value of each environmental
predictor variable in pˆi to be close to its empirical mean over the species occur-
rence locations in the training dataset. Features ensure that the estimated distri-
bution has mean, variance and covariance close to what was observed across the
occurrence locations in the training dataset. There are many possible features.
A discussion of feature selection can be found in Berger et al. (1996).
The method of Lagrange multipliers offer an relatively well known way in
which to maximize equation 3.1 subject to the constraint that pˆi sums to one
and that the mean of each feature is close to that which was observed over the
training data. For this work, the sequential-update algorithm from Dudik et al.




j=1 λ j f j(x))
Zλ
(3.2)
where f j(x) are the features, λ j are the lagrange multipliers, and Zλ is a normal-
ization constant calculated on the training data to satisfy our first constraint,
that the distribution sums to one over the study area. In practice, the study
area is defined by 10,000 randomly selected locations from the study area. If
we were looking for the distribution with strictest adherence to our constraints,
we would maximize 1/m
∑m
i=1 ln(qλ(xi)). However, this would likely overfit the
training data. To avoid overfitting a smoothing parameter β is introduced, and









β j|λ j|. (3.3)
The first term is the log likelihood, which grows as the fit of the model to the
training data increases. The second term, ”regularization”, penalizes the use
of large λ j, which are indicative of a more complex model that is more likely to
overfit the training data. Values of the λ j’s found in equation 3.3 and empirically
derived f j(x)’s are substituted into equation 3.2 to compute habitat suitability for
any location.
3.2.3 Model validation
Each model that was trained was validated with right whale occurrence records
and environmental data from a year not included in the model training dataset.
For example, a model trained using right whale occurrence records and environ-
mental data layers from the years 2003 – 2006 was projected onto environmental
data layers from the year 2002. This resulted in estimates of habitat suitability
for the year 2002. Locations of right whale occurrences from 2002 were over-
layed onto the estimate of habitat suitability corresponding to the 8-day period
containing the occurrence record. Measures of model predictive capacity de-
scribed below were then calculated.
The AUC, or area under the receiver operator characteristic (ROC) curve, is
a standard performance metric for presence-only species distribution models,
and for many classifiers (Swets, 1988). The ROC curve is a plot of the true posi-
tive classification rate (sensitivity) versus the false positive classification rate (1-
specificity). The AUC is the total area underneath the ROC curve. In a presence-
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only model there are no species absences, so computing a false positive rate is
not possible. Rather than distinguish presence from absence, we distinguished
presence from random or pseudo-absence, and we compute a ”Fractional Pre-
dicted Area” (FPA) rather than a false positive classification rate.
We generated ROC curves in the following way: all habitat suitability maps
corresponding to 8-day periods during which right whales were observed were
layered to create a three dimensional array. From that array, 10,000 coordinates
locations, indexed by i, were chosen at random with replacement. The value
of habitat suitability, S (i) ∈ [0, 1], at each of those locations was stored. For
a series threshold values, t ∈ [0, 1], t = 0, 0.05, 0.01, ..., 1, FPA was calculated
as the percentage of S (i) ≥ t. The true positive classification rate (TPR) was
calculated as fraction of right whale sightings occurring at locations where the
habitat suitability value was ≥ t. TPR was then plotted as a function of FPA to
generate an ROC curve.
The AUC is the area underneath the ROC curve. The axes of the plot were
scaled so that total area of the plot was equal to 1. A diagonal line from the lower
left corner to the upper right corner, having an AUC=0.5, is the theoretical ROC
curve for a random, undiscriminating, model. There was one habitat map for
each 8-day period in each test year. For a given test year all maps correspond-
ing to times during which there were right whale sightings were concatenated.
AUC for each test year was calculated from the concatenated habitat map.
We used the delete-d jackknife resampling procedure (Efron and Tibshirani,
1994) to generate 90% confidence intervals about our estimates of AUC for each
test year. The delete-d jackknife procedure is used to generate a confidence
interval about a statistic. The procedure is implemented in the following way:
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for a dataset containing n observations, a subset of size n − d, where √n ≤ d ≤ n,
is drawn randomly and without replacement from the original dataset. The
statistic of interest is then computed using the n−d observations. The procedure
is repeated until the desired number of iterations is reached. In our case, we
recalculated the AUC 100 times for each model. The number d was always
chosen to be
√
n rounded up to the nearest integer. Confidence intervals were
estimated by ranking the 100 AUC values and plotting the 5th through the 95th
greatest values.
AUC scores suffer from at least one potential pitfall: if a large proportion of
the study area is predicted to be low quality habitat (rightly or wrongly), the
FPA values will be driven down and the ratio of TPR to FPA will be large. This
will result in an ROC curve that is closer to the upper-left corner of the plot than
it otherwise would have been, which will translate into a higher AUC score. To
illustrate this, imagine the case where a model is built to predict the range of a
species occurring only at high elevation. Now, project the model onto a study
area containing a small area of high elevation and a large area of low elevation.
If the area of low elevation is predicted to have low habitat suitability, as it
should be, then measurements of FPA will always be high.
Reverse cumulative curves assess a model’s ability to predict high habitat
suitability without respect to the study area being modeled. This is a subtly
different type of information than ROC curves provide. RC curves contain the
same information one finds in a histogram, but the information is presented in
a format similar to that of an ROC curve. RC curves assess the capacity of the
classifier or model to predict high habitat suitability at the time and place of
species occurrences, and nowhere else.
66
RC curves were generated in the following way: the value of predicted habi-
tat suitability at the time and location of each right whale occurrence location
was stored. For each threshold value, t ∈ [0, 1], t = 0, 0.1, 0.2, ..., 1, the percent-
age of all right whale occurrence locations with habitat suitability value ≥ t was
plotted against t. RC curves were generated in this way for all models.
3.3 Results
We were able to effectively model the potential distribution of North Atlantic
right whales on a weekly timescale. The distribution of right whales is best ex-
plained by sea surface temperature in the winter and by Calanus in the spring,
supporting the hypothesis (H1) that environmental preferences change on a
seasonal basis. The inclusion of Calanus as a predictor variable significantly
improved the predictive capacity of models in winterspring and spring experi-
ments, while models from the winter experiment not effected by Calanus. Mod-
els trained over a longer time period and over a wider range of environmental
conditions (those from the winterspring experiments in particular) had consis-
tently good predictive capacity across years.
3.3.1 AUC
Swets (1988) identified AUC in the range 0.5 to 0.7 as ”poor”, 0.7 to 0.9 as ”rea-
sonable”, and 0.9 to 1.0 as ”very good” discrimination. All AUC scores we ob-
tained were above 0.7. 30% were between 0.7 and 0.799, 53.33% were between
0.8 and 0.899, and 16.67% were between 0.9 and 1.0 (Table 3.1). The mean AUC
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score over all years within each experiment (Table 3.1) is a measure of predictive
capacity of the model. Mean AUC for the winter experiments was higher than
for the winterspring experiments, and the score for winterspring experiments
was higher than for spring experiments. Mean AUC score for the winterspringC
treatment was higher than that of winterspring, and mean AUC score for the
springC treatment was higher than that of spring. In the winter experiments
this pattern was reversed - models trained without Calanus scored higher than
models trained with Calanus.
In four out of five models trained with data from the winterspring time
span, the inclusion of Calanus significantly improved the AUC scores (Figure
3.2). Three out of five models trained with data from the spring season were
significantly improved by the inclusion of Calanus. Models trained with data































































































































































































































































































































































































































































































































































































































































































































































One of the primary objectives of this study was to produce a model that
makes good predictions of habitat suitability, not only within each year, but
also from year to year. We were therefore interested in models for which AUC
scores (Table 3.1), and shape of ROC curves (Figure 3.3), were similar from year
to year. As was indicated above, AUC scores for individual years were gener-
ally good. The main exception was the score for the year 2006 in winterspringC
and springC experiments (Figure 3.3), which was relatively poor. We assessed
the sensitivity of models in each experiment to inter-annual variability by plot-
ting TPR variability (Figure 3.4). The plots show variance in the rate of correct
classifications (TPR) across test years as a function of fractional predicted area
(equivalently, threshold value for good habitat). Low TPR variability is an in-
dication that the predictive capacity of the models was robust to inter-annual
variability. Variability in the winter experiments was more than 5 times higher
than for winterspring and spring experiments (Figure 3.4a). To more closely ex-
amine the low variance results, we removed the higher variance results (Figure
3.4 c and d). Removing the 2006 outlier (Figure 3.4 b and d) had a dramatic
effect on the TPR variance of the winterspring and spring experiments. In or-
der from greatest to least degree of robustness to inter-annual variability, when
the 2006 outlier is excepted from consideration, we have winterspringC, springC,
winterspring, and spring. Models trained with Calanus estimated habitat suitabil-

































































Figure 3.3: Receiver operator characteristic curves for each test year. Thick line
is the mean for all years.
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Figure 3.4: Variance in True Positive Rate of right whale classification as a func-
tion of Fractional Predicted Area, calculated from ROC curves (Figure 3.3). Sub-
plot columns show variance of each model with (left) and without (right) the
2006 outlier. Subplot rows show TPR variance with (top) and without (bottom)
winterC & winter experiments in order to better compare models of lower vari-
ability. winterspring and winterspringC (1 January – 1 June), winterC and winter
(1 January – 21 March), springC and spring (22 March – 1 June). Subscript C
indicates models in which Calanus was included as a predictor variable.
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3.3.2 Reverse Cumulative curves
In an RC plot a linear line from top-left to bottom-right would indicate that a
model does not have a bias towards classifying species occurrences as being
in areas of high or low habitat suitability. That is, the percentage of sightings in
good habitat decreases linearly with increasing threshold value for good habitat,
e.g., 75% of whales are in good habitat when our threshold for good habitat is
25% of the maximum habitat value (usually scaled to equal 1), 50% of whales in
good habitat when our threshold for good habitat is 50% of the maximum value,
and so on. A concave-down line from upper-left to lower-right corners would
indicate that a high percentage of whales were found to be in habitat with a
high habitat suitability value, and a low percentage of whales were found to be
in habitat with a low habitat suitability value. Conversely, a concave-up line
would indicate that the model has a tendency to classify whales in areas of low
habitat suitability.
Looking at mean RC curve for each experiment (thick lines in Figure 3.5),
the winterspringC did the best job of predicting high habitat suitability at the
time and place of the right whale occurrences, as is indicated by the concave-
down shape of the curve (Figure 3.5a). The mean RC curve for winterspring and
springC has a concave-down shape, but the remaining experiments have more
of a linear shape. Looking at the year to year variation in the RC curves, we
see relatively little variation in winterspringC & winterspring experiments, a bit
more spread about the mean in springC & spring, and wide variation about the
mean in winterC & winter. According to RC curves for the winterspring and
spring experiments, the year 2002 was the year for which habitat suitability was
















































































Figure 3.5: Percentage of right whale sightings in suitable habitat as the thresh-
old for suitable habitat was varied from 0 to 1 for each of the six models. Thick
line is the mean for all years.
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the year in which there was highest habitat suitability at the time and place
of right whale occurrence for the winter experiments. The year 2006 was not
predicted well by any of the six experiments.
3.3.3 Habitat Suitability Maps
A visual examination of right whale habitat suitability maps (Figure 3.6) con-
firms what is reflected in the AUC scores. Years with high AUC tend to have
more sightings in areas of high habitat suitability, and years with relatively low
AUC tend to have fewer sightings in areas of high habitat suitability. The tran-
sition of whales from Cape Cod Bay to the Great South Channel is best reflected
in maps from the winterspringC experiment. Maps from winters experiments
clearly show that Cape Cod Bay is an area with high habitat suitability from 1
January to 21 March, but they do not capture the transition to the Great South
Channel due to their short time span. Maps from the spring experiments (22
March to 1 June) show the shift of good habitat suitability from Cape Cod Bay
to the Great South Channel, but that transition is less pronounced than that seen
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The magnitude of λn in equation 3.2 can be interpreted as the relative influ-
ence of each environmental variable on the prediction of habitat preference
(Table 3.2). Calanus was the most influential predictor in winterspring exper-
iments, and was followed in importance by bathymetry, chlorophyll and finally
SST. When Calanus was not included as a predictor variable in winterspring and
spring experiments, the ranking of variable importance remained the same, with
bathymetry being the most influential, followed by chlorophyll and SST. The
winter experiments showed the opposite pattern: SST was the most influential
predictor, followed by chlorophyll, SST, and Calanus when it was included as
a predictor variable. There were two exceptions to these trends. In the 2006
winterC model, bathymetry (22.9%) was slightly more influential than chloro-
phyll (22.6%). In the 2004 springC model, bathymetry (38.6%) was more influen-



























































































































































































































































































































































































































































































































































































We have found that the weekly distribution of North Atlantic right whales,
a highly migratory marine mammal, can be hindcasted, and presumably pre-
dicted, with ”reasonable” to ”good” (Swets, 1988) accuracy using a species dis-
tribution model. The vast majority of applications of SDMs to date have used
multi-year climatological predictor variables, yielding estimates of the absolute
range of a species in which year to year variability is averaged out. To the best of
our knowledge, this is the first such application of a species distribution model
to estimate habitat suitability on a short timescale.
3.4.1 Right whale habitat preferences are dynamic: H1
Differences between the winter and spring models suggest the habitat prefer-
ences of right whales are not static. This result is supported by an empirical
study of right whale habitat preference in winter and spring seasons (Pendle-
ton et al., 2009). The winter model suggests that the right whale distribution is
determined primarily by SST, the spring model suggests that the distribution
is determined primarily by Calanus. The winterspring model also suggests that
Calanus is a primary driver, but to a lesser extent than the spring model. In-
creasing influence of Calanus as the year progresses agrees with what we have
observed empirically: in Cape Cod Bay right whales are known to feed on Pseu-
docalanus spp. and possibly Centropages spp. in the winter, and they transition
to Calanus as the availability of that prey taxa increases (Pendleton et al., 2009).
The model result that right whale habitat preferences are dynamic is also
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supported by general knowledge of the right whale migratory patterns. For
example, female right whales on the southeast calving grounds appear to be
driven more by the desire to give birth than to feed. As well, juvenile males on
the southeast calving ground appear to be there for social reasons rather than
to feed (M. Zani, 2009 pers. comm.). If right whale habitat choice was always
driven by the need to find food, we would not have such observations. It is not
known what energetic benefit exists, if any, for the presence of non-breeding
and reproductively immature right whales in the calving grounds.
A more in depth view of right whale habitat preferences would take into
account the possibility that subsets of the population may have different envi-
ronmental needs. For example, habitat preferences could depend on age, sex,
reproductive stage, or membership of a right whale in a genetic subpopulation,
e.g., the Fundy/non-Fundy whales documented by Malik et al. (1999). A fruitful
extension of the research presented here would be to train models right whale
habitat suitability with a demographically partitioned right whale occurrence
dataset.
3.4.2 Prey data improves predictive capacity: H2
Torres et al. (2008) found that predictive capacity was not improved with the
inclusion of prey data in a generalized additive model of bottlenose dolphin
habitat. In four (winterspringC, winterspring, springC and spring) of our six ex-
periments, the use of modeled prey abundance (Calanus) improved predictive
capacity, robustness to inter-annual variability, and the users ability to discrim-
inate good from bad habitat (i.e. greater dynamic range of habitat maps equals
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greater ability to discriminate good from bad habitat). Because we are mod-
eling right whale habitat suitability in areas where whales are known to feed
much of the time (Goodyear, 1996; Mayo and Marx, 1990; Wishner et al., 1995),
it makes sense that the availability of prey would be in important predictor of
the distribution of whales.
It is well known that right whales feed on ultra-dense patches of copepods
(Watkins and Schevill, 1976; Wishner et al., 1988; Mayo and Marx, 1990; Beards-
ley et al., 1996), often occurring at the scale of 1 to 10s of meters. Given this, it is
interesting that our estimates of copepod abundance at 1km2 resolution served
as an important predictor of the distribution of potential right whale habitat.
This, along with Pendleton et al. (2009) and Pershing et al. (2009a), reinforce the
view that high regional-scale mean abundance of copepods increases the likeli-
hood of formation of ultra-dense patches of copepods, upon which right whales
feed.
3.4.3 Inter-annual variability
Inter-annual variability was well captured in the winterspringC experiment. At
the other end of the spectrum were the winter models, which performed well in
some years and poorly in other years. Decision makers often want to threshold
habitat suitability maps to simplify the identification of good and bad habitat.
The point at which all curves, with the exception of 2006, come together in Fig-
ure 3.5a shows that there was consistent predictive capacity across years. For
that reason, the good habitat threshold at this point (0.72) would be an temping
place to threshold predictions from the models of the winterspringC experiment.
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We could not find a reason for the poor predictions in 2006. We reasoned
that it was from an unusual distribution of right whales in the year 2006, or,
after looking at the below average ROC curves for 2006 in models trained with
Calanus (Figure 3.3 a, e), because of an unusual distribution of Calanus in 2006.
We found no evidence for either hypothesis. However, results from 2006 were
instructive in a diagnostic sense: winterC and winter AUC scores for 2006 do not
appear out of the ordinary, but RC curves for these models show 2006 as being
poorly predicted. This is likely due to the relatively small area from which win-
ter sightings were drawn (mostly in and around Cape Cod Bay) with respect
to the larger 4◦ by 2◦ study area. Such disparities have been known to inflate
AUC scores. Better results would likely be obtained if the study area were re-
stricted to the spatial extent of the occurrence locations. Without an analysis of
RC curves, it would be tempting to conclude from the AUC scores that winter
and winterC models are reasonable.
3.5 Conclusions
We have found that right whale habitat suitability can be estimated on a weekly
timescale with only four predictor variables. Models that incorporated data
from both winter and spring were more accurate and more robust to inter-
annual variability than winter-only or spring-only models. Our results con-
firmed empirical observations that right whale habitat preferences change on a
seasonal timescale. The inclusion of prey as a predictor variable improved pre-
dictive capacity of models. The methodology presented in this work could be a
powerful tool to resource managers who want to find areas likely to host aggre-
gations of right whales on an operational timescale in order to reduce human-
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caused risk to whales. The approach could also be extended to populations of
mobile animals, both on land and in the ocean.
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CHAPTER 4
AN OPERATIONAL ECOSYSTEM FORECASTING MODEL OF NORTH
ATLANTIC RIGHT WHALE HABITAT
4.1 Abstract
The overlap of right whale feeding and calving grounds with economically im-
portant coastal waters has resulted in increased mortality of the critically en-
dangered North Atlantic right whale (Eubalaena glacialis) population . They are
an internationally protected species, yet present-day human-caused injury and
mortality is thought to be the primary reason for their slow recovery from in-
dustrial whaling. We demonstrate the feasibility a system to make predictions of
right whale habitat suitability on an operational time scale. Our modeling sys-
tem was trained with aerial sightings of right whales and satellite and modeled
environmental data from the years 2003 – 2006 in Cape Cod Bay. Weekly pre-
dictions of right whale habitat suitability were generated for the year 2009. The
accuracy of the predictions was good. The model was then projected beyond
the model-training region, into neighboring Massachusetts Bay. A significant
relationship was found between predicted habitat suitability and acoustic de-
tections of right whales in that region. To address a current management issue
– moving shipping routes to reduce risk of whale-vessel collisions – we calcu-
lated the quality of predicted right whale habitat within three shipping routes




North Atlantic right whales (Eubalaena glacialis) are critically endangered. De-
spite 75 years of protection from commercial whaling, the population has not
recovered. Reasons for the lack of recovery range from changes in the availabil-
ity of prey (Greene and Pershing, 2004) to ship strikes and fishing gear entan-
glements (Knowlton and Kraus, 2001).
The North Atlantic right whale Recovery Plan (NMFS, 2005) identified re-
duction or elimination of ship-strike and gear entanglement as the primary need
for the recovery of the species. Extraordinary monitoring efforts are being taken
to prevent human-induced injury to right whales. Exhaustive aerial and vessel-
based surveys report right whale presence to the National Oceanic and Atmo-
spheric Administration’s Sighting Advisory System, which posts the locations
of right whale occurrence on the internet. The high level of effort put into locat-
ing right whales by government agencies and conservation organizations is a
testament to the importance of real-time detection of right whales, both for the
preservation of the species and in order to maintain compliance with federal
statutes.
All right whale management plans depend on knowing when and where
right whales are located. Current management plans, such as ship speed restric-
tions in Seasonal Management Areas (predefined regions in which speed limits
are enforced for a predetermined period of time), are based on well known dis-
tributional patterns that are assumed to be static from year to year. Intra- and
inter-annual changes in the distribution of right whales must be detected by
aerial, shipboard or acoustic monitoring programs. Forecasts of the spatial dis-
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tribution of right whales would allow decision makers to anticipate changes in
the distribution of right whales and to allocate resources accordingly.
A common approach for estimating the geographic range of a species is with
an environmental niche model (ENM). ENMs relate environmental variables to
species occurrences to predict species distributions. In most settings, ENMs
provide estimates of the absolute distribution of the species. In the some cases,
estimates of the distribution within seasons have been provided (Surez-Seoane
et al., 2008). In the case of North Atlantic right whales, extensive survey effort
has already provided us with climatological annual and seasonal geographic
distributions. These form the basis of current management.
The objective of this study was to build a prototype system to forecast the
suitability of habitat for right whales in the Cape Cod Bay right whale critical
habitat; CCB is an important feeding and nursing ground and an area deter-
mined to be critical to the species, in accordance with the Endangered Species
Act. Cape Cod Bay is used intensely by humans for commercial and recreational
purposes, and it is home to a robust observational program. Our goal was to cre-
ate a system that would provide habitat maps to decision makers on a weekly
time scale, and that could be combined with other data sources (e.g., data on
shipping or fishing activities) to estimate the risk of ship-strike or gear entan-
glement.
4.3 Methods
We combined North Atlantic right whale occurrence records with multiple re-
motely sensed and modeled data sources to make forecasts of right whale habi-
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tat quality in Cape Cod Bay. We used data from 2003 to 2006 to build a model
of right whale habitat suitability. That model was projected onto environmental
conditions from 2009 to make predictions for that year. The 2009 predictions
were evaluated using right whale occurrence records from that year. The model
was then extended into Massachusetts Bay. Predictions in this region were vali-
dated with acoustic detections of right whales. Predicted habitat suitability was
measured within three Cape Cod Bay shipping routes in order to assess the im-
pact moving shipping routes to reduce the risk of whale-vessel collisions.
4.3.1 Right whale data
Right whale occurrence records used in this study were collected as part of
aerial surveys by the National Marine Fisheries Service (Cole et al., 2007) and
the Provincetown Center for Coastal Studies (Jaquet et al., 2006) from 2003 to
2006, and from 2009. Occurrence records for 2007 and 2008 were not available.
4.3.2 Satellite data
Sea surface temperatures were obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument on the Aqua satellite. Chlorophyll data
was also obtained from the MODIS instrument on the Aqua satellite. SST and
chlorophyll data were processed into 8-day composite images with a 1 km2 spa-




Abundance of late-stage Calanus finmarchicus and Pseudocalanus spp. were esti-
mated using an enhanced version of the SEASCAPE (Satellite-based Estimates
and Analysis of Stage-resolved Copepod Abundance in Pelagic Ecosystems)
model described in Pershing et al. (2009). Several improvements to this model
were made to provide higher-resolution information on right whale feeding
conditions in Cape Cod and Massachusetts Bays. Notably, we used hourly high
resolution circulation fields from the Finite Volume Coastal Ocean Model (Chen
et al., 2003). The parameterization of the copepod population dynamics was op-
timized using a genetic algorithm (Record et al., 2010) by tuning to observations
from 2003. Finally, we assimilated zooplankton observations from Cape Cod
Bay using an ensemble Kalman filter (Evensen, 1997). The copepod model was
run for 2003 to 2006, and 2009, with an ensemble size of 200, and output was
saved every 8 days. On the 8-day interval following a zooplankton cruise and
corresponding assimilation, a new ensemble was created. The new ensemble
had the same mean as the post-assimilation ensemble, but the variance was in-
creased. This ensured that the ensemble captured the full range of variability in
copepod abundance.
4.3.4 Environmental niche modeling
We employed an environmental niche model (ENM) to combine right whale
occurrence records with environmental data to characterize the environmental
niche occupied by right whales. There are many approaches to estimating the
potential distribution of a species based the environment at occurrence locations
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(Elith et al., 2006). We used maximum entropy density estimation – a machine
learning technique for estimating an unknown probability density function. The
principle of maximum entropy has been applied to many problems (Buck and
Macauley, 1991). In our case we used it to estimate the p.d.f. describing the true
distribution of the species Eubalaena glacialis. We briefly describe the method.
Given the environmental data from the time and place of each species oc-
currence, we can summarize what is known about the distribution. This knowl-
edge can be formalized as a set of real valued functions, called features of the
environmental data. Features can be used to develop constraints on the esti-
mated distribution. There will typically be many distributions that satisfy the
constraints, and the problem becomes one of choosing among the distributions.
The principle of maximum entropy says that, subject to what is known (i.e.
subject to a set of constraints), we should choose the distribution with maximum
entropy. Higher entropy corresponds to higher uncertainty, which translates
into greater uniformity. This may seem counterintuitive, but consider that given
a uniform distribution all outcomes are equally likely. In the absence of any
information, we have no reason to prefer one outcome over another, and we
therefore have 1) the highest possible uncertainty and 2) maximum entropy. In
the maximum entropy method, we choose the distribution with highest entropy
that satisfies known constraints. Implicit in this method is the assumption that
the least assuming distribution is the “best” distribution. Further details of the
method have been provided in a number of publications (Berger et al., 1996;
Phillips et al., 2006), Chapter 2 of this volume.
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4.3.5 Predictions of habitat suitability
After pairing right whale occurrence records with environmental data (SST,
chlorophyll, modeled C. finmarchicus and Pseudocalanus spp., and bathymetry
from Smith and Sandwell (1997)) from the time and place of the right whale
occurrences in Cape Cod Bay between 2003 and 2006, we used maximum en-
tropy density estimation to build a model of right whale habitat suitability. We
projected the model of habitat suitability onto environmental conditions to gen-
erate a prediction of habitat suitability in Cape Cod Bay for each 8-day period
from 1 January to 1 June in the year 2009. The accuracy of our predictions was
measured by overlaying right whale occurrence records from each 8-day period
to corresponding predictions of habitat suitability, and by calculating the area
under the receiver operator characteristic curve.
An additional set of predictions was made for Massachusetts Bay. This re-
gion represents a special challenge and opportunity for our model. Aerial sur-
veys were not available for this region, however, acoustic detections of right
whale up-calls were available from a array of 10 hydrophones located in the
Boston traffic separation scheme (Figure 4.1). Up-calls are also known as con-
tact calls, and they are the most common and most easily identified sound pro-
duced by right whales. Up-call detections from the acoustic array from the year
2009 were compared with predictions of habitat suitability for the area imme-
diately surrounding each acoustic buoy. Due to the high density of shipping in
Massachusetts Bay, the ability to predict the occurrence of whales in this region
would be especially valuable. To assess the accuracy of model predictions in this
region, we compared the total number of right whale up-calls with the mean
habitat suitability within a 12 n mi buffer centered about the acoustic buoys
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(Figure 4.1). Predictions of habitat suitability have a pixelated spatial resolution
of 1 km2. To insure that we calculated habitat suitability over the entire listening
distance of 5 n mi around each buoy (C. Clark, pers. comm.), we used a buffer of
12 n mi rounded to the nearest pixel.
4.3.6 Assessing potential risk of whale-vessel collisions
Reducing risk of whale-vessel collisions is a top priority for management of the
North Atlantic right whale population(NMFS, 2005; Kraus et al., 2006). To ad-
dress this issue we evaluated the effect of moving a shipping lane based upon
predicted habitat suitability. Evaluation was done by calculating the mean habi-
tat suitability in three shipping routes connecting the Cape Cod Bay canal with
the Boston traffic separation scheme (Figure 4.2). The first (WG05) was deter-
mined from the band of high ship traffic density seen in Figure 2 of Ward-Geiger
et al. (2005), which was calculated from data collected between 1999 and 2002
according to the Mandatory Ship Reporting System (DOT, 2001). The second
route (NMFS06) was comprised of the 2006 National Marine Fisheries Service
recommended route for vessels in Cape Cod Bay. A segment was added to that
route so that the endpoint would match that of WG05. A third, alternative, route
(ALT) was evaluated. ALT lies midway between WG05 and NMFS06. It repre-
sents the only other practical straight-line route connecting the Cape Cod Bay
canal to the Boston traffic separation scheme.
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Figure 4.1: Cape Cod and Massachusetts Bays. Solid black line is the coast of
Massachusetts, USA. Shaded contour lines from lightest to darkest are at 30 m,
60 m, and 70 m. Dashed blue outline is the boundary of the Gerry E. Studds
Stellwagen Bank National Marine Sanctuary. Dashed and solid red lines show
the Boston Traffic Separation Scheme. Acoustic buoys are identified by num-
bered circles in the traffic separation scheme. Dashed black line represents the
northern boundary of the Cape Cod Bay model-training region.
99
Figure 4.2: Cape Cod Bay nautical chart showing three shipping routes.
NMFS06, in red, is the National Marine Fisheries Service recommended route.
Top section was added to by DEP to bring vessels to the Boston traffic sepa-
ration scheme. WG05, in blue, was the lane determined from 1999–2002 ship
traffic density data reported in Ward-Geiger et al. (2005). ALT represents an al-
ternative shipping route located midway between NMFS06 and WG05. Chart
obtained at http://www.nmfs.noaa.gov/pr/shipstrike/routes.htm
4.4 Results
4.4.1 Influence of individual predictor variables
The prediction of habitat suitability was a function of five environmental vari-
ables. Modeled Pseudocalanus spp. (40.1%) had the greatest influence on the
predictions, followed by bathymetry (25.6%), sea surface temperature (16.3%),
chlorophyll (11.3%), and modeled C. finmarchicus (6.7%).
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4.4.2 Accuracy of predictions
The predictive accuracy of our system was measured by the area under the re-
ceiver operator characteristic curve (AUC) (Figure 4.3). The AUC of 0.726 ob-
tained for the 2009 predictions is considered to be “reasonable” (Swets, 1988)
and is considerably higher than 0.50 for a random model. No precedent has
been set for using the AUC to assess the accuracy of predictions that vary on
short (e.g., weekly) timescales, where the job of accurately predicting habitat
suitability is more difficult than in the standard, time invariant, case.























Test data (AUC = 0.726)
Random model (AUC = 0.5)
Figure 4.3: Receiver operator characteristic curve and area under the curve
(AUC) score for 2009 predictions of habitat suitability (Figure 4.4). White
squares are right whale occurrence records from 2009 which were used to gen-
erate the AUC statistic.
As a reference for how accurately our system could forecast future condi-
tions versus present or past conditions, we measured the AUC score in each
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training year and found that for 2003, AUC=0.714 (n = 45), for 2004 AUC=0.891
(n = 178), for 2005 AUC=0.783 (n = 100), and for 2006 AUC=0.827 (n = 102),
where n is the number of right whale occurrence records in the year. The mean
AUC score for years 2003 to 2006 of 0.804 was moderately better than the score
for 2009 reported above and in Figure 4.3.
4.4.3 Predicted habitat suitability in Cape Cod Bay
Predictions of habitat suitability have a high degree of spatially heterogeneity,
with large changes in the pattern of habitat suitability from week to week. In
the last week of January (Figure 4.4 a) all highly suitable habitat (≥ 0.75 on an
increasing scale of suitability from 0 to 1) was concentrated near Provincetown
Harbor at the tip of Cape Cod and near the entrance to the Cape Cod Bay canal.
During February (Figure 4.4 b, c, d) large portions of Cape Cod Bay had high
suitability, however there were only a few confirmed right whale occurrences.
During March (Figure 4.4 e, f, g) the suitability of habitat was far more spatially
heterogeneous than in the previous month, and the number of right whale oc-
currences increased substantially. In several of the predictive maps, an arc of
high habitat suitability can be seen extending in a southwesterly direction from
Provincetown Harbor. Habitat suitability maps for the second week of April
(Figure 4.4 h) appear similar to the maps for March. In the third week of April
(Figure 4.4 i) there was less contrast in suitability across Cape Cod Bay and the
southwest quadrant of the bay – an area identified as highly suitable in most





Figure 4.4: Predictions of right whale habitat suitability and right whale sight-
ings for the year 2009 in Cape Cod Bay. Per the color bar, red indicates high
habitat suitability and blue indicates low suitability. White squares are docu-
mented right whale occurrence records. a) 25 January – 1 February, b) 2 Febru-
ary – 9 February, c) 10 February – 17 February, d) 18 February – 25 February, e)
6 March – 13 March, f) 14 March – 21 March, g) 22 March – 29 March, h) 7 April
– 14 April, i) 15 April – 22 April.
4.4.4 Predicted habitat suitability in Massachusetts Bay
We projected the same model that produced the habitat suitability maps of Fig-
ure 4.4 onto Massachusetts Bay (Figure 4.5). The model was trained using only
data from the Cape Cod Bay, the region below the white line in Figure 4.5 and
below the black dashed line in Figure 4.1. The upper portion of each map rep-
resents a speculative prediction. Habitat suitability in this region was consider-
ably lower than suitability in Cape Cod Bay. The highest suitability values can
be seen in at the entrance to Boston Harbor (Figure 4.1). This area appears to
“turn on”, as in Figure 4.5 (a) and (c), and “turn off”, as in Figure 4.5 (d) and (i).
In several of the maps (Figure 4.5 b, d, e , f, i) low habitat suitability was pre-
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dicted in the southwestern portion of Stellwagen Bank Marine Sanctuary, in the
Stellwagen Basin, with higher suitability in shallower water surrounding this
basin (Figure 4.1). Habitat suitability was low at the northern boundary of the
maps.
There was significant relationship between total number of right whale up-
calls and mean habitat suitability within a 12 n mi buffer centered on the net-
work of acoustic buoys in the Boston traffic separation scheme (Figure 4.6,
Spearman rank: p < 0.05, r2 = 0.51, n = 19). We made predictions for 19 8-
day periods in 2009 (Figure 4.5). In 72% of cases, from one period to the next,
the sign of change (+ or –) was the same for the number of up-calls and mean
habitat suitability within the 12 n mi buffer surrounding the autobuoy network
(Table 4.1). Buoys 1 – 7 are outside of the model-training region, while buoys
8 – 10 are not. To address this issue, we conducted an additional comparison
of mean habitat suitability in the 12 n mi buffer centered on buoys 1 – 7 with
the number of up-calls from those buoys. Results of this comparison showed a





Figure 4.5: Predictions of right whale habitat suitability and right whale sight-
ings for the year 2009 in Cape Cod Bay, and projections of the model into Mas-
sachusetts bay (above the white line). Per the color bar, red indicates high habi-
tat suitability and blue indicates low suitability. White squares are documented
right whale occurrence records. a) 25 January – 1 February, b) 2 February – 9
February, c) 10 February – 17 February, d) 18 February – 25 February, e) 6 March
– 13 March, f) 14 March – 21 March, g) 22 March – 29 March, h) 7 April – 14



















































































































































Table 4.1: Positive (+) or negative (–) change in total number of up-calls, and in
mean habitat suitability in the Boston traffic separation scheme (HSTS S ) for each
time step in Figure 4.6



















4.4.5 Habitat suitability in shipping routes
The patterns of right whale habitat suitability within the three shipping lane
choices were remarkably similar (Figure 4.7). All three routes displayed an os-
cillating pattern that was low in January, and increased dramatically during
February. March values were on par with those in January, and in late April
values were on par with values from February. Across shipping routes, the
maximum habitat suitability value in February was 2.75 times the maximum in
January, and the maximum in April was more than 2 times the maximum in



































































































































































































































Despite similarity in the general patterns of habitat suitability within ship-
ping routes, there were variations in suitability between the routes from week
to week. The NMFS06 route had the lowest mean habitat suitability (0.36), in-
dicating that a vessel transiting through NMFS06 would travel through an area
less suitable for right whales than the ALT route (mean habitat suitability = 0.37)
or the WG05 route (mean habitat suitability = 0.40). There were relatively large
differences in mean habitat suitability within the shipping routes during 1) the
first and second week of February when mean habitat suitability in NMFS06
was 31% and 39% lower than in WG05, 2) the third week of March, when mean
habitat suitability in NMFS06 was 40% lower than in WG05, and 3) the fourth
week of March when mean habitat suitability in WG05 was 45% less than in
ALT.
4.5 Discussion
Habitat suitability maps represent potential habitat, which is important for a re-
covering population that may be expanding its range into habitats from which
it was extirpated. The work presented here is proof-of-concept that, given fore-
casts of environmental data and copepod concentration, Pseudocalanus spp. in
particular, it is possible to issue weekly predictions of right whale habitat suit-
ability. The accuracy of habitat suitability maps is reasonable, however, there
is room for improvement. We predicted habitat suitability beyond the training
region, into Massachusetts Bay, and found a statistically significant relationship
between habitat suitability and the number of acoustic detections of right whale
up-calls. This result is particularly meaningful because it suggests that systems
such as ours can be used to forecast habitat quality beyond the area in which the
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model was trained. We directly addressed the issue of moving shipping routes
in order to reduce the risk of whale-vessel collisions by measuring predicted
habitat suitability in three shipping routes. Our results suggest that, in Cape
Cod Bay, the timing of vessel transit is more important than the route of vessel
transit.
4.5.1 Drivers of predictions
Our predictions of right whale habitat suitability in Cape Cod Bay are strongly
dependent on the modeled concentration of Pseudocalanus spp., and weakly de-
pendent on the modeled concentration of C. finmarchicus. This result is not sur-
prising in light of Pendleton et al. (2009), which found a strong relationship be-
tween right whales and in situ Pseudocalanus spp., and a weak but positive cor-
relation between right whale abundance and in situ C. finmarchicus in Cape Cod
Bay. Many studies have established a link between right whales and late-stage,
lipid-rich C. finmarchicus (Wishner et al., 1988; Murison and Gaskin, 1989; Wish-
ner et al., 1995; Baumgartner et al., 2003). This study supports the view that, even
though Pseudocalanus spp. has lower caloric value than C. finmarchicus, it may
be the best available food source in Cape Cod Bay during winter and spring.
Our work underscores the need for further work in determining the biotic and
abiotic environmental drivers of the distribution of right whales, both to better
our understanding of the ecology of the species and because that knowledge
will inform conservation actions. Equally important to the discovery of envi-
ronmental drivers are the spatial and temporal scales at which they are relevant
(Kenney et al., 2001).
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4.5.2 Cape Cod Bay
The 2009 habitat maps presented in Figure 4.4 are independent of the training
dataset. By this we mean that no data from the year 2009 was used to build
the model that generated the 2009 predictions. The geographic area is the same
in training and test datasets, but the combination of environmental variables at
each pixel location is not. Bathymetry is the only static variable. In this sense the
maps in Figure 4.4 represent true future predictions of habitat suitability. The
AUC score of 0.726 is reasonable, but is lower than the average score for 2003
to 2006. The decline in skill for 2009, compared to the years used to build the
model, is expected. Just as the quality of the copepod distributions is improved
by assimilating copepod data, the skill of the environmental niche model could
be improved by assimilating right whale occurrence records.
4.5.3 Massachusetts Bay
The significant relationship between habitat suitability and right whale acous-
tic detections demonstrates that our model can provide valuable predictions
of where and when right whales are likely to occur outside of the spatial and
temporal domain of model-training. This result is strengthened by fact that the
model was trained with aerial sightings of right whales, yet we were able to val-
idate it with acoustic detections of right whales. Clark et al. (2010) did not find
a positive correlation between aerial sightings and acoustic detections of right
whales. A reasonable conclusion from our results and those of Clark et al. (2010)
is that the model of habitat suitability is sensitive to some of the important en-
vironmental conditions that are prerequisites for the presence of right whales,
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and that survey methodologies are not sensitive to these conditions.
Little is known about the rate at which right whales produce up-calls, so
it is not possible to translate the number of up-calls into an estimate of right
whale abundance. An additional caveat is that, due to the distance between and
listening range of the acoustic buoys, an up-call elicited in between two buoys
may be detected by both buoys. The relationship between predicted habitat
suitability and number of up-calls provides strong evidence that the projection
of our model, trained in Cape Cod Bay, provides accurate information on the
level of right whale activity in Massachusetts Bay.
4.5.4 Model transferability
The ultimate goal of this type of modeling presented here is two-fold: 1) to cre-
ate ecological forecasts of currently managed areas in order to inform or assess
conservation actions, and 2) to generate objective estimates of habitat use in re-
gions or time periods beyond those included in the initial model fitting. Model
transferability is the projection of a model onto a temporally and/or spatially
distinct region. We transferred a model fit with environmental data from 2003
– 2006 to the environment in 2009. Our confidence in the 2009 Cape Cod Bay
predictions is improved because the geographic domain of model projection is
the same as for model training, the level of survey effort in 2009 was equivalent
to effort levels from 2003 to 2006, and the AUC score was reasonable. By pro-
jecting the model into Massachusetts Bay (Figure 4.5) we made predictions into
a region and a time for which the model was not trained. Our validation of pre-
dictions in Massachusetts Bay (Figure 4.5) strongly suggests that our modeling
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system could be transferred with some degree of confidence to other regions.
Developing measures of confidence, and determining when and where models
can be projected will be an important next step for this work.
4.5.5 Habitat suitability within shipping routes
Habitat that is less suitable for whales is more suitable for vessels. According to
our results, a vessel traveling through the National Marine Fisheries Service rec-
ommended route (NMFS06) will travel through less suitable right whale habitat
than vessels in either alternative route examined in this study. However, the
difference in suitability between routes is small. The main message from the
application of our habitat suitability predictions to shipping routes (Figure 4.7)
is that the timing of vessel transit in Cape Cod Bay is more important than the
route of vessel transit.
Predictive maps of potential habitat only tell us about the suitability of right
whale habitat. They do not tell us how likely it is that right whales will be in a
given area. However, identifying potential habitat of recovering populations is
important because as the size of the population continues to grow, it is conceiv-
able that areas long ago utilized will be reclaimed.
Despite this, if there are no whales in an area identified as highly suitable,
then there is no risk of whale-vessel collisions. It is important that when pre-
dictions of habitat suitability are used to inform actions such as issuing alerts
about when it is or is not safe to travel through a region, that information on the




Small populations are less resilient to human-induced or environmental change.
Balancing our desire to preserve endangered populations with a growing hu-
man population and climate change will require careful planning. There is a
need for ecological forecasting models that can help us find endangered popu-
lations, and to inform proposed conservation strategies before they are imple-
mented. We view our approach as a major forward towards the goal of manag-
ing endangered species in a changing world.
114
BIBLIOGRAPHY
Baumgartner, M. F., Cole, T. V. N., Campbell, R. G., Teegarden, G. J., and Durbin,
E. G. (2003). Associations between North Atlantic right whales and their prey,
Calanus finmarchicus, over diel and tidal time scales. Marine Ecology-Progress
Series, 264, 155–166.
Berger, A. L., Della Pietra, S. A., and Della Peitra, V. J. (1996). A maximum
entropy approach to natural language processing. Computational Linguistics,
22, 39–71.
Buck, B. and Macauley, V. A., editors (1991). Maximum Entropy in Action: A
Collection of Expository Essays. Oxford University Press.
Chen, C. S., Liu, H. D., and Beardsley, R. C. (2003). An unstructured grid, finite-
volume, three-dimensional, primitive equations ocean model: Application
to coastal ocean and estuaries. Journal of Atmospheric and Oceanic Technology,
20(1), 159–186.
Clark, C. W., Brown, M. W., and Corkeron, P. (2010). Visual and acoustic surveys
for North Atlantic right whales, Eubalaena glacialis, in Cape Cod Bay, Mas-
sachusetts, 2001–2005: Management implications. Marine Mammal Science, In
Press.
Cole, T. V. N., Gerrior, P., and Merrick, R. L. (2007). Methodologies and prelim-
inary results of the NOAA National Marine Fisheries Service aerial survey
program for right whales (Eubalaena glacialis) in the northeast U.S., 1998–
2006. Northeast Fish Sci Cent Ref Doc 0702. Technical report, National Marine
Fisheries Service, Woods Hole, MA.
115
DOT (2001). Mandatory Ship Reporting Systems, Final Rule. Federal Register,
66(224), 58066–58070.
Elith, J., Graham, C. H., Anderson, R. P., Dudik, M., Ferrier, S., Guisan, A., Hi-
jmans, R. J., Huettmann, F., Leathwick, J. R., Lehmann, A., Li, J., Lohmann,
L. G., Loiselle, B. A., Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y.,
Overton, J. M., Peterson, A. T., Phillips, S. J., Richardson, K., Scachetti-Pereira,
R., Schapire, R. E., Soberon, J., Williams, S., Wisz, M. S., and Zimmermann,
N. E. (2006). Novel methods improve prediction of species’ distributions from
occurrence data. Ecography, 29(2), 129–151.
Evensen, G. (1997). Advanced data assimilation for strongly nonlinear dynam-
ics. Monthly Weather Review, 125(6), 1342–1354.
Greene, C. H. and Pershing, A. J. (2004). Climate and the conservation biology
of north atlantic right whales: the right whale at the wrong time? Frontiers In
Ecology And The Environment, 2(1), 29–34.
Jaquet, N., Mayo, C. A., Osterberg, D., Nichols, O. C., and Browning, C. L.
(2006). Surveillance, monitoring and management of north atlantic right
whales in cape cod bay and adjacent waters – 2006, final report. Technical
report, Provincetown Center for Coastal Studies.
Kenney, R. D., Mayo, C. A., and Winn, H. E. (2001). Migration and foraging
strategies at varying spatial scales in western north atlantic right whales: a
review of hypotheses. Journal of Cetacean Research and Management (Special
Issue), 2, 251–260.
Knowlton, A. R. and Kraus, S. D. (2001). Mortality and serious injury of northern
116
right whales (Eubalaena glacialis) in the western North Atlantic Ocean. Journal
of Cetacean Research and Management (Special Issue), 2, 193 – 208.
Kraus, S. D., Brown, M. W., Caswell, H., Clark, C. W., Fujiwara, M., Hamilton,
P. K., Kenney, R., Knowlton, A., Landry, S., Mayo, C., McLellan, W., Moore,
M., Nowacek, D., Pabst, D. A., Read, A. J., and Rolland, R. M. (2006). North
atlantic right whales in crisis. Science, 309, 561–562.
Murison, L. D. and Gaskin, D. E. (1989). The distribution of right whales and
zooplankton in the bay of fundy, canada. Canadian Journal of Zoology, 67(6),
1411–1420.
NMFS (2005). Recovery Plan for the North Atlantic Right Whale (Eubalaena
glacialis). Technical report, National Marine Fisheries Service, Silver Spring,
MD.
Pendleton, D. E., Pershing, A. J., Brown, M. W., Mayo, C. A., Kenney, R. D.,
Record, N. R., and Cole, T. V. N. (2009). Regional-scale mean copepod con-
centration indicates relative abundance of North Atlantic right whales. Marine
Ecology-Progress Series, 378, 211–225.
Pershing, A. J., Record, N. R., Monger, B. C., Pendleton, D. E., and Woodard,
L. A. (2009). Model-based estimates of Calanus finmarchicus abundance in the
Gulf of Maine. Marine Ecology-Progress Series, 378, 227–243.
Phillips, S. J., Anderson, R. P., and Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecological Modelling, 190(3-4),
231–259.
Record, N. R., Pershing, A. J., Runge, J. A., Mayo, C., and Monger, B. C. (2010).
117
Improving ecological forecasts with genetic algorithms: an application to a
copepod community model. Journal of Marine Systems, In Press.
Smith, W. H. F. and Sandwell, D. T. (1997). Global sea floor topography from
satellite altimetry and ship depth soundings. Science, 277(5334), 1956–1962.
Surez-Seoane, S., de la Morena, E. L. G., Prieto, M. B. M., Osborne, P. E., and
de Juana, E. (2008). Maximum entropy niche-based modelling of seasonal
changes in little bustard (Tetrax tetrax) distribution. Ecological Modelling, 219(1-
2), 17 – 29.
Swets, J. A. (1988). Measuring the accuracy of diagnostic systems. Science,
240(4857), 1285–1293.
Ward-Geiger, L. I., Silber, G. K., Baumstark, R. D., and Pulfer, T. L. (2005). Char-
acterization of ship traffic in right whale critical habitat. Coastal Management,
33(3), 263–278.
Wishner, K. F., Durbin, E. G., Durbin, A., Macaulay, M. C., Winn, H. E., and
Kenney, R. D. (1988). Copepod patches and right whales in the Great South
Channel off New England. Bulletin of Marine Science, 43, 825–844.
Wishner, K. F., Schoenherr, J. R., Beardsley, R., and Chen, C. S. (1995). Abun-
dance, distribution and population-structure of the copepod Calanus fin-
marchicus in a springtime right-whale feeding area in the southwestern Gulf
of Maine. Continental Shelf Research, 15(4-5), 475–507.
118
